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Abstract 
 
Transitional Tectonics: Early Laramide Strike-Slip Defor-
mation of the Northeastern Front Range, Colorado 
 
Goodwin Christopher Wharton, M.S. Geo. Sci. 
The University of Texas at Austin, 2012 
Supervisor:  Mark Cloos 
 
The early Laramide tectonic history and Proterozoic metamorphic his-
tory of the northeastern Colorado Front Range were examined using kinemat-
ic data from minor faults at 25 locations, and U-Th/He dating of apatite from 2 
samples (3 unsuccessful) supported by optical petrography, X-ray maps and 
geothermometry.  
The role of strike-slip faulting in Laramide uplift of the eastern flank of 
the northern Front Range was analyzed through kinematic analysis of 97 mi-
nor (<100 m trace) faults. The dominant fault population was oriented approx-
imately perpendicular to bedding, with lineations sub-parallel to bedding. Ro-
tating bedding to horizontal showed these faults to have the pattern of a 
strike-slip conjugate set.  
Unfolded left-lateral faults have an average orientation of (287, 87N) 
with lineations to (287, 01); right-lateral faults have an orientation of (065, 
88S) with lineations to (245, 00).  The timing of motion on these faults post-
dates 98 Ma deposition of Dakota group sandstones, and predates the folds 
that rotated them (68 Ma from the age of synorogenic conglomerates). The 
conclusion is that strike-slip motion was active during the earliest Laramide.  
 vii 
The principal strain axes from these faults, after rotation, give an aver-
age shortening axis orientation of (276, 03) and an average extension direc-
tion of (006, 02). The calculated shortening axis orientation is consistent with 
that of later Laramide deformation, supporting the hypothesis that strike-slip 
deformation occurred in the northeast Front Range during the earliest 
Laramide.  
Analysis of minor faults on part of the eastern flank of the northern 
Front Range shows that strike-slip faulting was a locally important defor-
mation mechanism at the onset of the Laramide orogeny. Principal strain axis 
analysis suggests that the regional tectonic regime was one of east-west 
shortening and north-south extension prior to the onset of the main phase of 
Laramide deformation, at which time the regional strain field rotated to one of 
east-west shortening and vertical extension. 
Twenty-seven thin-sections of Big Thompson Canyon metapelites 
were petrologically characterized prior to selection for mineral separation and 
U-Th/He analysis of apatite. All samples show late high-temperature static 
recrystallization that has partially recovered prior fabrics. At high grades, silli-
manite porphyroblasts overgrow all fabrics. X-ray maps and geothermometry 
were also conducted to enhance the characterization of the sample suite. 
Garnet-biotite phase equilibria indicate that initial prograde metamorphism 
took place at approximately 550 °C. 
Apatites separated from five of the twenty-seven samples analyzed in 
thin section were analyzed for U-Th/He thermochronometry. Three samples 
returned no plausible results; one sample returned one plausible age; and 
one sample returned three similar and plausible ages. Basement rocks cooled 
through the closure temperatures for helium and fission-tracks in apatite near-
ly simultaneously, at about 55 Ma. These temperatures, 40 and 60 °C respec-
tively, correspond to depths of ~ 1.5 and 2.5 km. Laramide exhumation of the 
Northern Front Range was very rapid. Estimates of minimum magnitude of 
 viii 
exhumation during Laramide time may need to be increased from ~2 km to ~3 
km. 
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Chapter 1 – Introduction 
 
Geologic Setting 
 The Front Range of Colorado is a north-trending Laramide basement 
arch extending from Colorado Springs to the Colorado/Wyoming border (Fig-
ure 1-1). The core of the range is part of the Yavapai Province (Hedge et al., 
1967; Selverstone et al., 1997) - Paleoproterozoic metasediments accreted to 
southern Laurentia at about 1.75 Ma. These metasediments were intruded by 
granitic batholiths during the Proterozoic. The Routt Plutonic Suite, typified by 
the Boulder batholith, was intruded at around 1.7 Ga (Peterman et al., 1968), 
and the Berthoud Plutonic Suite, which includes the Log Cabin and Longs 
Peak/ St. Vrain batholiths, was intruded around 1.4 Ga (Tweto, 1987) Al-
though attention has been given to the metamorphism associated with these 
heating events (e.g. Hedge et al., 1967; Selverstone et al., 1997), the role of 
each in forming the looping pattern of metamorphic isograds, mapped by Cole 
and Braddock (2009), in the Northern Front Range has not yet been com-
pletely deciphered. 
 The geologic record of events between the intrusion of the Berthoud 
Plutonic Suite in the Mesoproterozoic and the earliest erosion of the ancestral 
Rocky Mountains in the Pennsylvanian has been lost from the Northern Front 
Range. The crystalline basement exposed in the core of the range deposi-
tionally underlies the Pennsylvanian Fountain Formation on its eastern flank. 
The sedimentary sequence beginning with the Fountain records the uplift, 
denudation, and planation of the Ancestral Front Range to the west (Figure 1-
2), and the incursion of the North American interior seaway between the early 
and late Cretaceous (Cole and Braddock, 2009; Sweet and Soreghan, 2010), 
constituting a great sedimentary pile that fills the Denver basin to the east.  
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 The eastward advancement of the leading edge of the flattened sub-
ducting Farallon plate under the North American continent has been tied to 
the eastward advancement of the mountain-building deformation front 
throughout from the late Cretaceous to the Eocene (Figure 1-3). Between the 
late Jurassic and early Cenozoic, thin-skinned deformation was active in the 
Sevier fold and thrust belt throughout present-day Idaho, Utah, and Nevada. 
The Laramide orogeny was active between the late Cretaceous and early 
Cenozoic, and produced thick-skinned basement arches throughout New 
Mexico, Colorado and Wyoming (Wells et al., 2012 - Figure 1-4). 
Uplift of the modern Front Range began in the latest Cretaceous. The 
western flank of the Front Range was uplifted on east-dipping thrusts, as 
shown by drill cores and windows exposing Phanerozoic sediments over-
thrust by crystalline basement (Gries, 1983). The tectonic history of the east-
ern flank of the northern Front Range, however, is enigmatic. There is no 
direct evidence of a major west-dipping range-bounding thrust, instead, there 
are a series of east-dipping en echelon reverse faults which bring up the 
Denver basin relative to the range (Erslev and Selvig, 1997). These faults 
typically cut shallowly south-plunging folds with a wavelength of 2 km at the 
inflection point between syncline and anticline; resulting in a series of en 
echelon plunging anticlines offset along the east-dipping thrusts.  
 
Tectonic Models 
Due to non-exposure of the largest (>1 km trace) regional faults on the 
eastern flank of the Northern Front Range, the style of Laramide uplift has 
been the subject of debate since the 1920s. The four most commonly invoked 
uplift models (Figure 1-5), are: (1) vertical uplift (after Prucha et al., 1965); (2) 
symmetric upthrusting (Jacob, 1983) and flower structure (Kelley and Chapin, 
1997); (3) low-angle thrust faulting (Raynolds, 1997); and (4) backthrust 
 5   
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wedging (Erslev and Holdaway, 1999). Erslev and Holdaway (1999) estimat-
ed principal stress axes orientations from minor fault geometries. They con-
cluded that Laramide uplift was accomplished under horizontal compression. 
They constructed balanced cross-sections and concluded that west-dipping 
blind thrusts are connected to the en echelon east-dipping reverse faults on 
the northeastern flank of the Front Range (Figure 1-5(4)).  
 
Motivation of Research 
Structural analysis of the eastern margin of the Front Range has fo-
cused on interpreting the regional tectonics causing uplift, rather than direct 
analysis of fault-slip patterns. Several kinematic models based on few or 
selective observations are present. Eaton (1986) suggested post-Laramide 
extensional uplift of the range, but presented no data quantifying the abun-
dance or orientation of normal faults on the eastern flank of the range. Hold-
away (1998) concluded that uplift was accomplished along thrust faults, but 
scarcely addressed the strike slip-faults that dominated his data set (53 of 66 
fault zones measured had lineations plunging less than 20 degrees). 
Minor strike-slip faults in the Eastern Front Range are well documented 
(Holdaway, 1998; Erslev et al., 2004), but their age relative to the uplift of the 
range has not been constrained. Previous studies did not examine the steeply 
dipping limbs of the regional fold structure (Holdaway, 1998; Erslev et al., 
2004). By examining faults exposed in steeply dipping exposures of the Cre-
taceous Dakota Formation, two competing hypotheses were tested. If strike-
slip faults with fault-plane and slickenline orientations coinciding with the point 
maxima of poles to previously documented faults are present in the steeply 
dipping limbs, these faults must either be cogenetic or postdate the regional 
folding event. If faults in these localities pass a fold test (Marrett and All-
mendinger, 1990) with the previously documented faults, then these faults 
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must predate the regional folding event. Hence, they would correspond to the 
earliest stages of Laramide deformation.  
The latest Cenozoic history of western North America is dominated by 
extensional deformation. Normal faults are the dominant brittle structure from 
Walker Lane through the Basin and Range to the Rio Grande Rift. The Teton, 
Wasatch, and Sierra Nevada faults, for example, are all range-bounding nor-
mal faults. It is particularly important to consider the modern Front Range 
relative to these other tectonic provinces, as they provide examples of how 
normal faulting can be related to mountain building. Even if Laramide uplift 
was initially accomplished by reverse slip, the rugged modern topography of 
the eastern Front Range might be related to footwall uplift along normal faults.  
This study was designed to evaluate the role of extensional and strike-
slip tectonics in the Cenozoic uplift and pre-Laramide deformation of the 
Northern Front Range. Fault kinematic data from the northeastern Front 
Range were collected and analyzed to test the following hypotheses: that the 
abundant strike-slip faults in the region are not synkinematic with Laramide 
uplift, and that the modern topographic relief has been accentuated by normal 
faulting. 
 
Stratigraphy 
Proterozoic Crystalline Rocks 
The Proterozoic core of the northern Front Range consists primarily of 
metasedimentary rocks and two igneous intrusive suites. The metasedimen-
tary sequence is a former island-arc terrane accreted to southern Laurentia at 
1750 Ma as part of the Yavapai Province (Hedge et al., 1967; Selverstone et 
al., 1997). The dominant lithologies are biotite schist and gneiss, and 
quartzofeldspathic mica schist. Porphyroblasts in these units are locally 
abundant, across the complete prograde pelitic sequence - from garnet zone 
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to migmatite (Cole and Braddock, 2009).  
 Two groups of Proterozoic igneous intrusive rocks in the northern Front 
Range were identified by Tweto (1987) – the Paleoproterozoic Routt Plutonic 
Suite, and the Mesoproterozoic Berthoud Plutonic Suite. The Routt Plutonic 
Suite is exposed in the Big Thompson Canyon area as two lithologies – to-
nalities/trondhjemites dated at 1726 Ma (Barovich, 1986) that form thick tabu-
lar intrusions, and granodiorites, genetically linked to the Boulder Creek Bath-
olith farther south, which range in age from 1720 to 1670 Ma (Premo and Van 
Schmus, 1989). Intrusion of the Routt Plutonic Suite coincided with the se-
cond deformation episode in the metasedimentary sequence (Selverstone et 
al., 1997). Porphyroblast growth and peak metamorphic conditions recorded 
by phase equilibria are believed to coincide with this thermal event, as indi-
cated by porphyroblast inclusion trails and pluton/fabric cross-cutting relation-
ships (Selverstone et al., 1997). 
 Following the emplacement of the Routt Plutonic Suite, there was a 
period of tectonic quiescence that lasted until ~1400 Ma, when the region 
experienced widespread heating and magmatic intrusion. This event resulted 
in the emplacement of the Berthoud Plutonic Suite, which includes the Sher-
man granite, the Log Cabin batholith, the Longs Peak-St. Vrain batholith, the 
Silver Plume batholith, and the Mt. Evans batholith. The Log Cabin and Longs 
Peak-St Vrain batholiths are exposed in the study area, and lie to the north 
and south of Big Thompson Canyon respectively.  
 
 
Phanerozoic Sedimentary Rocks 
The Proterozoic crystalline core of the northern Front Range is uncon-
formably overlain by a package of east-dipping Paleozoic and Mesozoic sed-
iments approximately 3 km thick, widely recognized for their distinctive hog-
back topography. Between the crystalline basement to the west and the Den-
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ver basin to the east lie two sets of east-dipping hogbacks separated by nar-
row valleys. The western hogback set is capped by the Permian Lyons For-
mation, and the Cretaceous Dakota Group caps the eastern hogback. The 
following brief descriptions of Phanerozoic formations are organized by their 
stratigraphic positions relative to these distinctive topographic markers, and 
are based on field observations as well as published descriptions by Cole and 
Braddock (2009). All thickness estimates are from Braddock et al. (1970a, 
1988b, 1989). Figure 1-6 provides a generalized stratigraphic column for the 
study area. 
The Pennsylvanian-Permian Fountain Formation is a 245-345 m thick 
red to brown arkosic conglomerate and sandstone that unconformably over-
lies the Proterozoic metasediments and intrusive rocks of the core of the 
Front Range. Within the study area, the Fountain Formation weathers reces-
sively and typically forms vegetated valleys between crystalline basement to 
the west and the first hogbacks to the east. Fountain Formation sediments 
were derived from erosion of the ancestral Rocky Mountains (Sweet and 
Soreghan, 2010). No faults were observed within the Fountain Formation. 
The Permian Ingleside Formation is a 21-61 m thick pink to red cross-
bedded sandstone that typically crops out at the base of the cut-slope of the 
western hogbacks. It is well cemented with calcite or quartz, and commonly 
exhibits a prominent joint set. No faults were observed in this formation. 
The Permian Owl Canyon Formation is a 30-75 m thick red ripple-
laminated siltstone to sandstone typically exposed as the central package in 
the cut-slope of the western hogbacks. No faults were observed in this for-
mation. 
The Permian Lyons Sandstone is an orange or pink aeolian sandstone 
with cross-beds up to 2 m in amplitude. It is erosionally resistant and typically 
caps the western hogbacks, forming the dip-slope. Faults were found in this 
formation in three localities.  
 12 
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The Triassic Lykins Formation, the Triassic Jelm Formation, and the 
Jurassic Sundance Formation have thicknesses of 137-213, 23-43, and 6-18 
m, underlie the vegetated central valley between the western and eastern 
rows of hogbacks, are pink to brown cross-stratified siliciclastic units, and are 
poorly exposed. No faults were observed in any of these units. 
The Jurassic Morrison Formation is 70-98 m thick. The Morrison is 
widely variable in both color and grain size - including green, red, white, and 
yellow claystones, siltstones, and sandstones. The Morrison is typically pre-
sent at the base of the cut-slope of the eastern hogback, but poorly exposed 
and vegetated. No faults were found in this formation. 
The Cretaceous Dakota Group is subdivided into the Lytle Formation 
and the South Platte Formation. For the sake of simplicity, and following the 
example of Braddock et al. (1970a; 1989; 1988a; 1988b) and Punongbayan 
et al. (1989), the nomenclature of Waage (1955) is adopted here for the de-
scription of Dakota Group formations, even through they are not stratigraph-
ically rigorous north of Boulder (MacKenzie, 1971). The Lytle Formation, and 
Plainview member and Middle Shale member of the South Platte Formation, 
contained 63 of the 97 observed lineated minor faults and are the focus of the 
faulting analysis presented in this study. The thickness of the Dakota Group is 
88-108 m. 
The Lytle Formation of the Dakota Group unconformably overlies the 
Morrison Formation. It is a light grey/brown coarse sandstone and pebble 
conglomerate that is highly resistant to weathering, commonly forming cliffs or, 
in steeply dipping areas, ridges. Many faults with non-stepping slickenlines 
and secondary fractures were found and analyzed.  
The South Platte Formation, above the Lytle, is subdivided into three 
members: the Plainview Sandstone Member, the Middle Shale member, and 
the First Sandstone member. The Plainview member is a light grey/brown 
fine-grained sandstone. The Middle Shale is a dark grey shale/siltstone, and 
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the First Sandstone is grey and fine to medium grained. The South Platte 
Formation, like the Lytle Formation, is resistant to weathering and caps the 
dip-slope of the eastern set of hogbacks in some locations – notably around 
Horsetooth Reservoir. The South Platte Formation also has excellent preser-
vation of slickensided minor faults with shear-sense indicators. 
Above the Dakota Group are the Cretaceous Benton, Niobrara, and 
Pierre formations. Each of these units is recessively weathering and does not 
crop out within the field area. 
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Chapter 2 – Early Laramide Strike-Slip Tectonics 
 
Methods 
 Exposure of major fault zones in the northeastern Front Range is ex-
ceptionally poor. Fault zones are eroded and covered by vegetation in almost 
all cases. As a result, direct observation of their brittle deformation and kine-
matic analysis is not possible. 
 An alternative approach, presented herein, is to examine the kinemat-
ics of minor (<100 m trace) faults in aggregate, which are meaningful indica-
tors of the kinematics of the regional tectonic regime (Hancock, 1985). Eric 
Erslev and his students have employed this approach extensively in the 
northern Front Range. They have concluded, with widespread acceptance, 
that Laramide uplift of the eastern flank of the northern Front Range was 
accomplished by horizontal shortening, rather than vertical block uplift. Erslev 
et al. (2004) targeted areas where bedding dip is at a minimum, avoiding 
areas in which bedding is steep.  
 This study employs methods similar to those of Erslev et al. (2004), but 
focuses on examining faulting in steeply upturned fold limbs of the northeast-
ern flank of the Front Range. In retrospect, some of the strike-slip faults ob-
served by Holdaway (1998) (53 of 66 fault zones measured had lineations 
plunging less than 20°) were probably re-evaluated. In this work outcrops 
from all dip domains of regional folds were sought. 
 Ninety-seven faults with exposures ranging in size from one square 
meter to hundreds of square meters were measured at twenty-five locations. 
Seventy-four of the measured faults were observed in Phanerozoic sedimen-
tary rocks. Faults with preserved lineations and shear-sense indicators consti-
tuted the majority of faults observed. Because faults lacking lineations or 
shear sense did not appear to constitute an independent fault population, only 
 16 
faults with full kinematics were recorded. For each fault, surface and lineation 
orientations were measured, and shear sense was recorded based on as 
many consistent kinematic indicators as possible. To achieve a statistically 
significant representation of the variability of surface and lineation orientations, 
for each fault, between two and twenty measurements of each type were 
recorded and averaged, with about one measurement per square meter of 
exposure. A total of 1185 fault surface orientations and 790 lineations were 
measured at the 16 locations, along with 191 bedding or foliation measure-
ments within meters of the measured faults. Fewer lineations were recorded 
than fault surfaces because lineations were rarely present across the entire 
fault exposure. 
 Sense of slip was determined using secondary fractures following the 
method of Petit (1987). T, RM, PT, and lunate fractures were common. Linea-
tions occurred either as striations in the host rock, or as polished precipitated 
quartz. Stepped slickensides demonstrating shear sense were not present. 
Figure 2-1 presents examples of each of the most common types of shear 
sense indicators observed in the field. 
 Faults with complete kinematic indicators were best preserved in the 
Cretaceous Dakota Group sandstones and pebble conglomerates (n=63 from 
8 locations). These units commonly have quartz precipitate that creates sub-
tle lineations on fault surfaces. The only other unit to consistently yield faults 
with full kinematics was the Permian Lyons sandstone (n=11 from 3 locations). 
 
Results 
 Fault data are presented for three representative locations referenced 
in Figures 2-2 and 2-3. Figures 2-4 through 2-12 present field photos and 
plots of structural data for each data station. Fault data are plotted in equal-
area stereographic projection as average lineation and pole-to-fault-plane 
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orientations. Poles to fault planes are shown as squares, lineations as dots. 
Plots of bedding orientation measured adjacent to each fault are also provid-
ed. All fault data obtained in this study are presented in Appendix 1A. Aver-
age local bedding, fault plane, and lineation orientations for all faults are pre-
sented in Appendix 1B. 
 The dominant fault population recognized at all 11 sedimentary loca-
tions is characterized by fault planes oriented roughly perpendicular to bed-
ding, with lineations roughly parallel to bedding. To evaluate whether such 
faults are genetically related, a fold test was performed, wherein fault data 
were twice rotated – first to remove the plunge of the local fold, and second to 
remove the remnant dip of the fold limb. Figures 2-13 through 2-14 isolate this 
data population, and present the results of these rotations for the three repre-
sentative locations. 
 Aggregate plots of data from all bedding-perpendicular faults are pre-
sented in Figure 2-15, Kamb contoured with an interval of two sigma. The 
data are presented as measured on the left, and after restoration of folds on 
the right. A relationship between these data is unclear in the measured plots, 
but after fold restoration a strong pattern emerges. The agreement among the 
restored fault data indicates that the bedding-perpendicular faults with bed-
ding-parallel lineations are a conjugate set of right-lateral and left-lateral 
strike-slip faults with movement that preceded or were contemporaneous with 
folding.  Prior to Laramide folding, left-lateral faults had an average orientation 
of (287, 87N) with lineations to (287, 01); right-lateral faults had an orientation 
of (065, 88S) with lineations to (245, 00).   
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Discussion 
Timing 
Minor strike-slip faults in the folded sedimentary overburden of the 
northeastern Front Range indicate a phase of regional strike-slip movement 
that predates or is cotemporaneous with the early stages of Laramide folding. 
A lower bound is given by the age of the Dakota Group formations, which are 
the youngest faulted units. The Middle South Platte member of the Dakota 
Group contains an unconformity dated at 98 Ma based on correlation to com-
plete and well-dated sections (Weimer, 1992). The strike-slip faults discov-
ered in this study are therefore younger than 98 Ma, but no younger than 
Front Range folding, which has been dated at 68 Ma (Kluth and Nelson, 
1988). The data presented here indicate an episode of regional strike-slip 
tectonics in the northern Front Range during the latest stages of the Sevier 
Orogeny, that caused the mostly thin-skinned faulting hundreds of km to the 
west, or the earliest phase of Laramide thick-skinned deformation.  
 
Principal Strain Axes 
 A plot of principal strain axes from all restored faults is presented in 
Figure 2-16. Axis orientations were calculated using the method of Marrett 
and Almendinger (1990) with the FaultKin software package. Strain axes for 
individual faults were calculated using the mean rotated fault plane and linea-
tion orientations for strike-slip faults. The calculated strain axes are self-
consistent, with an average shortening axis orientation of (276, 03) and an 
average extension direction of (006, 02) using a weighted Bingham average 
(see Marrett and Allmendinger 1990). These directions coincide with the 
Laramide shortening axis directions of Erslev et al. (2004), leading to the 
conclusion that the folded strike-slip faults formed during the early stages of 
the Laramide orogeny. However, the relationship between these minor faults 
and the coincident motion of regional faults can only be interpreted. 
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Relationship to Major Faults 
 Two major faults (>2 km trace), the Thompson Canyon Fault and the 
Bald Mountain/ Rattlesnake Park faults mapped by Braddock et al. (1970a, b) 
and Punongbayan et al. (1989), were identified as potential loci of large early 
Laramide strike-slip movement due to the similarity of their map traces to the 
strike of measured minor strike-slip faults, and evidence from previous work 
suggestive of strike-slip motion.  
The Thompson Canyon fault has a mapped trace of ~10 km that ap-
proximately coincides with the modern topography of Big Thompson Canyon. 
It strikes approximately 100° and extends from a western tip near the town of 
Drake to its eastern tip in the Paleozoic hogbacks at the mouth of Big Thomp-
son Canyon. The Rattlesnake Park and Bald Mountain faults are a pair of 
subparallel structures that coincide with the northwestern edge of the Prote-
rozoic Moose Mountain Shear Zone (MMSZ). The Bald Mountain fault strikes 
from its eastern tip at the Proterozoic/Pennsylvanian unconformity about 3 km 
to 250° where it meets the Rattlesnake Park fault, which itself strikes at 310° 
for 2 km. Unfortunately, as was true for all other major faults mapped in the 
area, no exposures were found during brief reconnaissance.   
Apparent left-lateral offset on the Thompson Canyon fault is suggested 
by the mapped offset of major structures cut by the fault. The Dickson Gulch 
fault strikes north-northwest and intersects the Thompson Canyon fault near 
the village of Cedar Cove. Braddock et al. (1970b) mapped 950 m of apparent 
left-lateral offset of the fault across the Thompson Canyon fault, as well as 
300 m of apparent left-lateral offset of the staurolite isograd. Braddock et al. 
(1970a) also map 400 m of apparent left-lateral offset to the Proterozo-
ic/Pennsylvanian unconformity where it is cut by the Thompson Canyon fault 
~900 m south of the mouth of Big Thompson Canyon. 
 Only four lineated minor faults were confidently identified in Big 
Thompson Canyon (Figures 2-17, 2-18). Of these, three had shear-sense  
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indicators suggesting left-lateral motion, and one had shear-sense indicators 
suggesting normal motion. If the Thompson Canyon fault were active concur-
rently with the minor strike-slip faults identified in the Dakota Group and Ly-
ons Formation, its shear sense would be expected to be left-lateral.  
 In contrast to the pelites of Big Thompson Canyon, exposures of the 
Silver Plume Granite within the MMSZ to the southwest of the Rattlesnake 
Park fault contain abundant lineated faults. These faults express a wide range 
of orientations and shear-sense indicators with very few cross-cutting rela-
tionships, making it very difficult to relate any individual fault to a particular 
deformation event. Outcrop locations and fault data from the MMSZ are pre-
sented in Figures 2-19 and 2-20. The most likely candidate for a controlling 
early Laramide strike-slip fault formed a 250 m long scarp within the MMSZ, 
about 2.5 km northwest of Pinewood Springs. The strike of this (I believe 
unnamed) fault approximately parallels that of the MMSZ, and closely match-
es the average strike of measured right-lateral faults. However, all observed 
lineations indicate dip-slip offset. It is impossible to tell when this fault was 
active, and whether or not it experienced a period of strike-slip motion prior to 
reactivation as a dip-slip fault. 
 In addition to the lack of strike-slip minor fault data from within the 
MMSZ, there are no mapped apparent offsets of structures across the major 
faults that bound the MMSZ. Consequently, there is no evidence to suggest 
that the MMSZ was reactivated as a strike-slip fault, or that the Rattlesnake 
Park and Bald Mountain faults experienced strike-slip motion during the early 
Laramide. 
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Interpretation 
 Figure 2-21 is a schematic representation of the evolution of defor-
mation style of the eastern flank of the northern Front Range as the shorten-
ing associated with onset of flat-slab subduction at the western margin of 
North America propagated eastward into the continent. The left column is a 
series of block diagrams illustrating the types of structures active at different 
deformation phases, while the right column is a series of qualitative Mohr 
diagrams demonstrating the hypothetical stress regime at that time. Initially 
the area was tectonically inactive and the greatest compression was vertical. 
As tectonic shortening began between 98 and 68 Ma, the E/W compressive 
stress increased more rapidly than the N/S compressive stress – eventually 
leading to a cross-over when the E/W compression surpassed the vertical 
stress. At this time, brittle strike-slip failure along pre-existing crustal weak-
nesses propagated upward into the sedimentary overburden, producing minor 
strike-slip faults. As shortening continued, the horizontal compressions con-
tinued to increase while the vertical stress at a given depth remained constant. 
Once the N/S horizontal compression surpassed the vertical stress, strike-slip 
faults were deactivated and strain was transferred to folds and reverse faults 
during the main phase of Laramide deformation. 
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Chapter 3 – Petrologic Characterization of the Proterozoic  
Metamorphic Suite of Big Thompson Canyon 
 
Introduction 
 Big Thompson Canyon is a dramatic 20 km long topographic feature 
through a 40 km by 30 km area of pelitic and quartzofeldspathic metasedi-
ments, punctuated only by small bodies of trondhjemite and pegmatite. Di-
rectly north and southwest of this monotonous body of metasediments are the 
Mesoproterozoic Log Cabin and Longs Peak – St. Vrain batholiths of the 
Berthoud Plutonic Suite. Metamorphic grade systematically increases up Big 
Thompson Canyon from greenschist facies at the mouth of the canyon, to 
migmatitic conditions. Braddock and Cole (1979) mapped metamorphic iso-
grads and showed they have looping trajectories that roughly parallel the 
contacts between metasediments and batholiths and terminate at the Prote-
rozoic/Pennsylvanian unconformity to the east (Figure 3-1). 
 Hedge et al. (1967) and Peterman et al. (1968) reported that the domi-
nant metamorphic event in the Big Thompson Canyon area occurred at 
~1750 Ma, based upon Rb-Sr dating. Metamorphism was attributed to the 
intrusion of the Boulder Creek granodiorites to the south. These results led  
Nesse (1984) to describe the low-grade zone traced by the Big Thompson 
River as a fossil “thermal trough,” unaffected by peak metamorphism. Peter-
man et al. presented additional Rb-Sr dating of samples from the low-grade 
zone at 1380 Ma, suggesting that rocks were thermally reset during em-
placement of the Berthoud Plutonic Suite. This interpretation requires that the 
high-grade regions were little affected by the plutonism. These results contra-
dict the intuitively expected metamorphic history: that greenschist facies met-
amorphism at the time of emplacement of the distal Boulder Creek batholith 
was locally overprinted by the emplacement of the Berthoud Suite at 1.4 Ga.  
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 Several authors have attempted to estimate the conditions of peak 
prograde metamorphism in the northern Front Range using thermobarometry, 
but have had widely differing results. Cole (1977) and Nesse (1984) calculat-
ed conditions of 5.5 kbar, 675-725 °C and 3-4 kbar, 650 °C respectively, and 
reasoned that the absence of kyanite in the region indicates that pressures 
could not have surpassed 6 kbar. More recent studies, such as Munn and 
Tracy (1992), Munn et al. (1993), and Selverstone et al. (1997), have contra-
dicted these findings – claiming pressures of 7 and 8 to 10 kbar respectively 
based on garnet, biotite, and hornblende thermobarometry.  
 
Petrography 
 Twenty-seven samples were collected from Big Thompson Canyon 
(Figure 3-2) as candidates for U-Th/He dating of apatite. Petrologic analysis 
was conducted to carefully characterize the samples chosen for thermochro-
nometry. Petrographic analyses of the five selected samples as well as two 
other samples selected for electron microprobe analysis are presented below. 
The major mineralogy of all thin sections is summarized in Table 3-1. 
 
Sample FRS-002 – Garnet Zone 
Sample FRS-002 is a fine-grained two-mica schist with the assem-
blage quartz + white mica + biotite + plagioclase + chlorite + hematite. It has a 
spaced anastomosing crenulation cleavage with bands of white mica defining 
discrete boundaries between microlithons (Figure 3-3). A quartz ribbon in one 
corner of the section is isoclinally folded parallel to the crenulation (Figure 3-
4). Biotite and chlorite overgrow all fabrics. Quartz grains have straight grain 
boundaries and uniform extinction. These observations are indicative of an 
early dynamic phase with crenulation development followed by a late, moder-
ate temperature recrystallization event under static conditions. Sample FRS-
002 was selected to be dated, but no usable ages were obtained. 
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Table 3-1.  Major mineralogy of thin sections 
     
             Sample Qtz Pl Ms Chl Bt Grt Str And Crd Sil Kfs Am 
FRS-001 x x x x x 
       FRS-002 x x x x x 
       FRS-003 x x 
         
x 
FRS-004 x x x x x 
       FRS-005 x x x x x 
       FRS-006 x x x 
 
x 
       FRS-007 x x x x x 
       FRS-008 x x x x x 
       FRS-009 x x x x 
        FRS-010 x x x x x x x 
     FRS-011 x x x 
 
x 
       FRS-012 x x x 
 
x 
 
x 
     FRS-013 x x x 
 
x 
       FRS-014 x x 
         
x 
FRS-015 x x x 
 
x 
    
x 
  FRS-016 x x x 
 
x 
    
x 
  FRS-017 x x x 
 
x 
 
x 
 
x x 
  FRS-018 x x x 
 
x 
   
x 
   FRS-019 x x x 
 
x 
   
x x 
  FRS-020 x x x 
 
x 
   
x x 
  FRS-021 x x x 
 
x 
   
x x 
  FRS-022 x x x 
 
x 
    
x 
  FRS-023 x x 
         
x 
FRS-024 x x x 
 
x 
    
x 
  FRS-025 x x x 
 
x 
       FRS-026 x x 
  
x 
    
x 
  FRS-027 x x x 
 
x 
    
x x 
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Sample FRS-004 – Garnet Zone 
Sample FRS-004 is a two-mica schist with the assemblage quartz + 
white mica + biotite + feldspar + chlorite + opaques. The sample has two 
distinct structural/compositional domains separated by a quartz vein subparal-
lel to the dominant foliation (Figure 3-5). One domain is mica-rich and dis-
plays a tight crenulation cleavage. Limb regions of the crenulation are com-
posed almost entirely of micas, whereas hinge regions are modally ~50% 
quartz and feldspar (Figure 3-6). Quartz and feldspar in hinge regions have 
sharp extinction and grain boundaries but do not display a shape preferred 
orientation (SPO) or crystallographic preferred orientation (CPO). Recrystalli-
zation likely took place by grain boundary migration, though impeded by grain 
boundary pinning by abundant small white mica grains. Dissolution of quartz 
and feldspar from limb regions and reprecipitation in hinge regions may also 
have been an important process in crenulation formation (as shown by Wil-
liams et al., 2001) and may explain the mineralogical differences between 
crenulation hinges and limbs. 
 The other structural domain has much less abundant mica and the 
crenulation cleavage is much more poorly defined (Figure 3-7). Again, small 
(0.1-0.3 mm) white micas pin fully recrystallized quartz and feldspar, though 
in varying degrees of alignment with the dominant fabric. In many cases pin-
ning micas are arranged in rosettes – indicating static recrystallization after 
fabric development.  
 Throughout the sample 0.5 mm biotite and chlorite porphyroblasts 
overgrow the foliation in random alignment – these grains record the static 
metamorphism following crenulation development. Sample FRS-004 was 
selected for X-ray mapping to investigate the timing of plagioclase growth 
relative to crenulation development. 
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Sample FRS-010 – Andalusite Zone 
 Sample FRS-010 is a garnet-mica schist (quartz + white mica + plagio-
clase + biotite + garnet + rutile + staurolite + chlorite) with weak foliation de-
fined by the SPO of micas – especially white mica. In domains with abundant 
white mica the foliation is better developed, and locally gently crenulated. The 
foliation is deflected around garnet porphyroblasts (up to 4 mm in diameter) 
containing quartz inclusion trails misaligned to the present foliation (Figure 3-
8). Garnet growth must have been at least locally static, as the inclusion trails 
within garnets are straight, are not deflected into the later foliation. Weak 
asymmetric tails of quartz and mica on some garnet porphyroblasts suggest a 
component of dextral shear during fabric development. 
 FRS-010 underwent extensive recrystallization and recovery following 
the final deformation episode. Mutual overprinting relationships between 
quartz, white mica, and biotite, the sparsity of undulatory extinction, sinuous 
grain boundaries, and 120 degree grain triple-junctions all indicate static 
recovery and recrystallization at high temperatures (>500 °C) by grain bound-
ary migration (Figure 3-9). Throughout the sample quartz grain-size is mostly 
limited to 200 microns and less by abundant <100 micron white micas, which 
would have pinned the quartz during grain boundary migration. Sparse chlo-
rite likely grew during cooling on the retrograde metamorphic path. 
 Sample FRS-010 was selected for geothermometry, as it was the only 
sample found to be garnet bearing.  
 
Sample FRS-014 – Sillimanite Zone 
Sample FRS-014 is a fine-grained mafic amphibolite with the assem-
blage hornblende + plagioclase + quartz + opaques. It has a weak foliation 
defined by aligned amphiboles. Grains are equant with straight grain bounda-
ries and uniform extinction indicating late static recrystallization (Figure 3-10). 
FRS-014 was selected for U-Th/He dating and returned three similar ages. 
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Sample FRS-019 – Sillimanite Zone 
FRS-019 is a weakly foliated sillimanite schist (quartz + white mica + 
plagioclase + biotite + sillimanite + cordierite + opaques). The oldest identifia-
ble foliation is defined by alternating quartz-rich and biotite-rich layers. The 
compositional banding suggests that the foliation may be parallel to original 
bedding. The matrix is primarily made up of quartz and mica grains 200 mi-
crons to 1 mm in length. Foliation is deflected around rigid sillimanite porphy-
roblasts (~ 4 mm in diameter) preferentially located in mica rich layers (Figure 
3-11). These porphyroblasts are likely pseudomorphs, possibly after garnet, 
as they are commonly multigrain clusters with fibrolite overgrowths. Some 
unmantled sillimanite porphyroblasts preserve evidence for grain-boundary 
migration with other grains (Figure 3-12). 
Biotites have strong, foliation-parallel CPO and SPO, whereas quartz 
is equant, and lacks CPO. Matrix quartz has experienced both subgrain rota-
tion and grain boundary migration – as shown by bulge structures between 
pinning micas, and evidence of incipient subgrain development (Figure 3-13). 
Sample FRS-019 was selected for U-Th/He dating of apatite. One 
plausible age was obtained, but was not reproducible. 
 
Sample FRS-020 – Sillimanite Zone 
Sample FRS-020 is a sillimanite schist with the assemblage quartz + 
plagioclase + biotite + white mica + sillimanite + cordierite. Aligned micas 
define a foliation overgrown by sillimanite as fibrolitic knots. Some fibrolite 
knots appear to be pseudomorphs of pre-existing porphyroblasts, such as 
garnet (Figure 3-14). FRS-020 exhibits less evidence of static recrystallization 
than other samples, as quartz typically has undulatory extinction, and irregu-
lar grain boundaries suggestive of sub-grain rotation (Figure 3-15).  
Sample FRS-020 was selected for U-Th/He dating of apatite, but no 
usable ages were obtained. 
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Sample FRS-025 – Potassium Feldspar Zone 
Sample FRS-025 is a quartzofeldspathic schist with the assemblage 
quartz + plagioclase + biotite + white mica + opaques. The matrix is domi-
nantly quartz and plagioclase with interspersed small (< 0.6 mm long) una-
ligned biotite grains pinning grain boundaries. White mica occurs as large (1 – 
7 mm) poikilitic porphyroblasts aligned in discrete layers (Figure 3-16). The 
absence of sillimanite and K-feldspar shows that the reaction quartz + mus-
covite = K-feldspar + sillimanite + H2O did not occur in FRS-025, though it 
was located 2.2 km above the first mapped appearance of K-feldspar (Cole 
and Braddock, 2009).  
Sample FRS-025 was selected for U-Th/He dating of apatite, but no 
usable ages were obtained. 
 
 
X-ray Maps 
 Three elemental abundance maps (x-ray maps) were collected for 
samples FRS-004 and FRS-010 using the JEOL JXA-8200 Electron Probe 
Micro-Analyzer (EPMA) lab at the University of Texas. For sample FRS-010, 
the only garnet bearing sample, maps of garnet porphyroblasts were created 
to guide the selection of analysis points for geothermometry - for the elements 
Al, Ca, Fe, Mg, and Mn. For sample FRS-004, maps of Al, Ca, K, Na, and Fe 
were created to assess the preservation of chemical zoning in porphyroblasts 
and plagioclase and evaluate the extent of intracrystalline diffusion during the 
static recovery. 
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Garnet Maps 
 Maps of sample FRS-010 (Figures 3-17 through 3-19) have a resolu-
tion of 1024x1024 and were obtained using a beam current of 100 nA, with a 
3 ms dwell time, and 2 accumulations. All three mapped garnet porphy-
roblasts show modest normal zonation in Ca, and garnet 1 also shows mod-
est zonation in Mn. All other elements show flat concentrations in all three 
garnets. The observed zoning patterns indicate that FRS-010 was at high 
temperatures (on the order of 650-700 °C) long enough to homogenize zon-
ing in Fe, Mg, and Mn (Carlson and Schwarze, 1997). Quantitative analyses 
of all three mapped garnets and matrix biotite, for thermometry, were guided 
by the calculated X-ray maps.  
 
Crenulation Maps 
 X-ray maps of one crenulated non-garnet-bearing sample were created 
to assess the role of mass-transport of quartz and feldspar during crenulation 
development – after the method of Williams et al. (2001). Maps of sample 
FRS-004 were created with the working conditions of 15 kV accelerating 
voltage, 100 nA beam current, 2 msec dwell time, and one accumulation. 
A marked difference in modal abundance of quartz and feldspar was 
noted between crenulation limbs and hinges, and an attendant difference in 
plagioclase composition would indicate a distinct phase of plagioclase growth 
during crenulation development. Maps of sample FRS-004 show discontinu-
ous zoning of calcium in plagioclase – with more anorthitic cores and a rapid 
transition to more albitic rims (Figures 3-20 and 3-21). This pattern is ob-
served regardless of the location of grains relative to the dominant crenulation, 
however, and is observed in uncrenulated areas of FRS-004 (Figure 3-22). 
Mass transport during crenulation development is not responsible for the 
zonation of plagioclase. 
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Geothermometry 
 Quantitative analyses of mineral chemistry of garnet and biotite in 
sample FRS-010 were made using the JEOL JXA-8200 EPMA at UT Austin. 
Garnet analyses were taken on transects through the cores of each mapped 
garnet, and biotite analyses were taken as clusters on grains either in contact 
with, or separated from, garnet. Mineral chemistry data is presented as oxide 
weight percents with EPMA working conditions in Appendix 2. 
 Phase-equilibria were calculated for garnet/biotite pairs in sample 
FRS-010 using the software of Berman (1991) with the database of Berman 
and Aranovich (1996). Garnet rim compositions were matched with biotite rim 
compositions from adjacent grains to maximize the probability that the analy-
sis pair is an equilibrium state. No biotite inclusions were observed in garnet, 
so garnet core compositions were not used for thermometry. 
 All phase-equilibria calibrations return temperatures between 550 and 
600 °C at 5 kbar (an arbitrary reference pressure similar to published esti-
mates of peak prograde pressure), with slopes of 9 °C/kbar. All phase equilib-
ria are plotted in Figure 3-23. 
 The results of garnet-biotite thermometry are consistent with the 
575 °C estimates of peak temperature at 1.7 Ga from Selverstone et al. 
(1997), but conflict with the results expected from observed chemical zoning 
patterns. One possible explanation for the coexistence of homogeneous high-
grade (>650 °C) Mn, Mg, and Fe zoning profiles in garnet (Dempster, 1985) 
and calculated garnet-biotite equilibrium temperatures of ~575 °C, is that 1.4 
Ga metamorphism was locally dry, but longer-lived and more thermally per-
vasive than is currently accepted. If regional heating were more widespread 
than fluid dissemination during the emplacement of the Long’s Peak – St. 
Vrain batholith at ~1.4 Ga, areas proximal to the intrusion would be expected 
to undergo extensive porphyroblast growth aided by hydration from magmatic 
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fluids, but more distal areas might experience large thermal overstepping of 
net transfer reactions due impeded intergranular diffusion. Observations sup-
porting this hypothesis include: abundant coarse sillimanite overgrowing all 
penetrative fabrics in samples up to five km from the Long’s Peak – St. Vrain 
batholith (FRS-019 to FRS-027), high temperature (>650 °C) garnet zoning 
profiles approximately 10 km from the batholith (FRS-010) unaccompanied by 
late porphyroblast growth, and grain boundary migration textures in quartz 
(>500 °C) throughout the entire sample suite - up to 12 km from the batholith 
(also unaccompanied by late porphyroblast growth). If the hypothesis is cor-
rect, it indicates that temperature estimates from garnet-biotite thermometry 
are spurious, because Mn, Mg, and Fe in garnet would have homogenized by 
intracrystalline diffusion - without communication with the surrounding rock 
volume. In this case, garnet Fe and Mg ratios would only reflect a homogeni-
zation of the total original Fe and Mg content of the crystal, and not reflect 
either temperature during garnet growth at ~1.7 Ga or temperature during 
thermal overprinting at ~1.4 Ga. 
 
Discussion 
Although the overlap of static and dynamic metamorphism in Big 
Thompson canyon continues to confound attempts to understand the meta-
morphic history of the area on a regional level, the relative impact of each 
phase of metamorphism on individual samples can be assessed from careful 
textural analysis. Initial prograde metamorphism at ~1.7 Ga was dynamic and 
is characterized by simultaneous fabric development and metamorphism. 
Later heating at ~1.4 Ga was static and produced widespread recrystallization 
of all minerals and local porphyroblast growth, but only static fabrics. The 
geometry of fabric/porphyroblast interfaces allows for interpretation of the 
generation of porphyroblast growth on a crystal-by-crystal or sample-by-
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sample basis, but the work presented here is insufficient to make general 
interpretations of the spatial extent or intensity of each metamorphic overprint 
on the Big Thompson Canyon area. What is clear is that an understanding of 
the position of samples relative to mapped metamorphic isograds (Cole and 
Braddock, 2009) is not sufficient to characterize of the metamorphic history of 
each sample, and that textural observations are necessary to assess the 
relative impact of each phase of metamorphism. 
 The near-absence of intracrystalline strain (indicated by undulous 
extinction or kink bands) in hydrous phases, especially micas, indicates that 
these phases were statically recrystallized during the 1.4 Ga thermal event, 
and that subsequent retrogression or hydrothermal alteration of mineral 
phases was minimal. This observation has important implications for the 
tectonic history of the northern Front Range, in that dry conditions in the mid-
dle crust greatly increase rock strength, allowing large elastic strains to build 
up and release when faults slip. Indeed, the Front Range may have the struc-
tural style of a thick-skinned arch in part because, during Cretaceous time, 
the middle crust was dry enough and thus rigid enough to transmit large elas-
tic strains.  
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Chapter 4 – U-Th/He Thermochronometry of Big Thompson 
Canyon Metasediments 
 
Introduction 
 The thermal history of the Northern Front Range is topic of interest, as 
the relative timing of exhumation of differing parts of the North American 
Cordillera is essential to a refined understanding of the Laramide Orogeny. To 
this end, numerous authors (e.g. McCallum, 1977; Bryant and Naeser, 1980; 
Kelley and Chapin, 2004) have conducted low-temperature thermochronolog-
ic studies throughout the Front Range using Apatite Fission-Track dating 
(AFT). The extensive dataset of Kelley and Chapin (2004) is presented in 
Figure 4-1. The goal of this study is to contribute to the thermochronology by 
adding a new datum using U-Th/He (AHe) thermochronometry based on 
thoroughly characterized basement samples. 
 Apatite fission-track thermochronometry dates the cooling of apatite 
crystals below the 110 °C geotherm. The technique relies upon observations 
of the length and abundance of damage tracks left in apatite from the ejection 
of two daughter nuclides during the spontaneous fission of 238U. These tracks 
experience at least partial annealing when held at temperatures above 60 °C.  
At temperatures above 110 °C, fission tracks are rapidly and completely an-
nealed (Dickin, 1997). The 60 and 110 °C geotherms are therefore the two 
key datums of AFT thermochronology – and represent the top and bottom of 
the Partial Annealing Zone (PAZ).  
Although AFT ages from the highest points in the southern Front 
Range and Wet Mountains indicate they were above the base of the pre-
Laramide “fossil” PAZ, no AFT from the Northern Front Range has identified 
this key datum. All AFT ages are between 80 and 40 Ma. Assuming a 
25 °C/km geothermal gradient, AFT data from the northern Front Range indi
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cate that the exposed basement, metamorphosed at depths of 20 km, was at 
depths greater than 4 km prior to Laramide exhumation. Adding another 
thermal datum from U-Th/He thermochronology can improve our understand-
ing of the timing and magnitude of the latest phase of exhumation. 
U-Th/He thermochronology (AHe) is a relatively new technique that 
can track the time a rock was cooled through the 75 to 40 °C temperature 
range, depending on composition and cooling rate. Helium in apatite, zircon, 
and other minerals is produced by the alpha decay of 238U, 235U, and 232Th to 
Pb, and is well retained in the crystal at temperatures below 40 °C. The ther-
mal interval of 75 to 40 °C is termed the Partial Retention Zone (PRZ). U-
Th/He was proposed as a new low temperature thermochronometer by Zeitler 
et al. (1987), and has since become increasingly widely applied to unraveling 
timing of the last stages of tectonic unroofing events. 
 Although several AHe studies have now been published in the North 
American Rocky Mountains (e.g. Karlstrom et al. 2012), there are as of yet no 
published AHe dates from the Northern Front Range to complement the 46 
apatite fission-track (AFT) ages available for the area (Chapin and Kelley, 
2004). In this study, apatite grains from 5 samples from the suite of 27 col-
lected at Big Thompson Canyon were chosen for AHe dating at the University 
of Texas at Austin (Figure 4-2). 
 
Methods 
 Mechanical mineral separations were carried out in a seven-step pro-
cess. Initial whole-rock samples up to 4000 cm3 in volume were broken into 
gravel using a jaw crusher, then ground to <4 mm clasts with a disk mill. The 
largest clasts were separated and removed from each sample using a 30 
mesh sieve. Next, a rough density separation was carried out using a Wilfley 
water table.  The water table heavy fraction was then dried and further divided  
 70 
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using bromoform (specific gravity 2.85 g/cm3). A magnetic separation was 
carried out on the bromoform heavy fraction using a Frantz L-1 isodynamic 
separator. Grains found to be non-magnetic at 1.8 Amp with a 5 tilt were 
collected for a final density separation using methyl iodide (MEI). The MEI 
light fraction from each sample was then examined under a petrographic 
microscope, and three grains from each sample were selected for analysis. 
 Apatite grains were picked for analysis using a petrographic micro-
scope. Selected grains had a minimum width of 70 micrometers, ideally a 
euhedral habit, and appeared to be inclusion free under crossed-polars mi-
croscopic inspection. Apatite was found to be sparse in all samples except 
FRS-014 and FRS-019. In general, apatite appeared to be more abundant in 
higher-grade metapelites, and greatest in amphibolite (FRS-014). For each 
sample, three single-grain aliquots were packed in Pt foil. Figures 4-3 through 
4-7 present photomicrographs of grains chosen for analysis. 
 U-Th/He analysis was conducted at the University of Texas at Austin 
following the methods described in Farley (2002) and Farley and Stockli 
(2002). Helium content was measured by laser heating of Pt packets and 
peak height comparison to known gases in mass spectrometer. Each aliquot 
was then dissolved in HNO3 and analyzed on an inductively-coupled plasma 
mass spectrometer (ICP-MS). 
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Results 
 The results of U-Th/He analysis are presented in Table 4-1. Of the 
fifteen analyses presented, ten are either immediately suspect or obviously in 
error. Five aliquots returned negative ages, two returned implausibly old ages, 
two returned ages less than their errors, and one returned an implausibly low 
age. The remaining five aliquots (all from samples FRS-014 and FRS-019) 
returned ages between 45.5 and 100.2 Ma with analytical errors of no more 
than 2.3 m.y. These ages are broadly consistent with apatite fission-track 
data from Big Thompson Canyon and the northern Front Range (Kelley and 
Chapin, 2004).  
 
Discussion 
 Of the five samples analyzed, only FRS-014 and FRS-019 returned 
plausible ages. Of these, FRS-014 had good reproducibility with three ages 
between 45.5 and 58.6 Ma. Sample FRS-019 returned one very old age – 
likely due to a zircon or monazite inclusion – and two plausible ages, 62.4 and 
100.2 Ma, though with significantly poorer agreement than found in FRS-014. 
Sample FRS-014 is thus the only reliably dated sample in the suite. 
 Each implausible helium age presented in Table 4-1 can be attributed 
to common sources of error. Negative ages are most obviously in error, and 
suggest that those grains were not apatite. Coarse sillimanite grains are very 
difficult to distinguish from apatite petrographically and samples FRS-019 and 
FRS-020 have abundant coarse sillimanite. Negative ages from these sam-
ples are from misidentified sillimanite grains, as indicated by a complete ab-
sence of Sm. Very old ages are most likely due to large U and Th contribu-
tions from unnoticed zircon or monazite inclusions (Farley and Stockli, 2002), 
as all past research suggests that the sedimentary overburden on the Front 
Range basement in the Mesozoic was sufficiently thick (>4 km) to reset fis 
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sion-track and helium ages in apatite (Kelley and Chapin, 2004). Very young 
ages are more difficult to explain, though clearly still erroneous, as exhuma-
tional cooling of the Front Range to 60 °C is known from fission-track data to 
have taken place during the latest Cretaceous to early Cenozoic, and tem-
peratures between 40 and 60 °C are not likely to have been sustained since 
40 Ma. Because samples were collected from surface exposures in canyon 
walls, one possible explanation for this young age is that surface processes 
such as forest fires heated the rock above the closure temperature for apatite, 
resulting in He loss. Another possibility is that the grain was cracked or pitted 
in some way that caused more He loss than accounted for by FT corrections. 
 Plausible U-Th/He ages from samples FRS-014 and FRS-019 are 
plotted in Figure 4-8 on an age/elevation profile with AFT data from Big 
Thompson Canyon from Kelley and Chapin (2004). Error bars are standard 
errors of ± 8%. The average of all FRS-014 ages is also plotted. All ages from 
sample FRS-014 fall within the error bars of the closest AFT age, and within 
the overall spread of AFT data from the transect. One age from sample FRS-
019 also falls within the range of AFT data, although the other plausible date 
(100.2 Ma) is significantly older than all AFT ages. The older age could either 
indicate that data from these samples captures the inflection point associated 
with the bottom of the helium partial retention zone, or that age could be in 
error. Given that another grain from the same sample is dated at 38 Ma 
younger than the old age, it is likely that this oldest plausible age may be 
attributed to U and Th contamination from an inclusion in the apatite grain. 
This hypothesis is further supported by the near uniformity of the AFT data, 
which indicates that the entire suite was below the fossil partial annealing 
zone for fission-tracks (the 110 °C isotherm), and therefore must have been 
below the partial retention zone for helium (the 75 °C isotherm) prior to exhu-
mation. 
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 Even with only two ages, the addition of U-Th/He dating of apatite from 
Big Thompson Canyon has implications for the Laramide tectonic history of 
the northern Front Range. The addition of this datum allows for improved 
interpretation of the rate, as well as magnitude of exhumation of the crystal-
line basement. Since the ages from sample FRS-014 are about the same as 
the AFT ages of Kelley and Chapin (2004), the core of the Front Range must 
have cooled through the fission-track annealing temperature (60 °C) and the 
helium closure temperature (40 °C) for apatite nearly simultaneously. Assum-
ing a geothermal gradient of 25 °C/km, cooling through these temperatures 
corresponds to exhumation to depths of about 2.5 and 1.5 km, respectively. 
Given that all AFT data indicate that the presently exposed crystalline base-
ment was below the base of the fission-track PAZ (110 °C or 4.5 km) prior to 
exhumation, the core of the northern Front Range must have been exhumed 
from depths of at least 4 km to less than 2 km during the early part of the 
Laramide orogeny.  
The addition of AHe data improves our understanding of the last stag-
es of Laramide exhumation of the northern Front Range; it indicates that the 
maximum depth of the presently exposed crystalline basement, at the end of 
the Laramide, was 1.5 km, rather than 2.5 km, and that the exhumation 
through that 1 km took place nearly simultaneously with exhumation from 4.5 
km to 2.5 km. Thus, estimates of the minimum magnitude of syn-Laramide 
exhumation in the northern Front Range may need to be increased from 
about 2 km to 3 km. 
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Chapter 5 – Conclusions 
  
The most abundant population of minor faults on the eastern flank of 
the northern Front Range has fault planes oriented perpendicular to bedding, 
with lineations subparallel to bedding. These faults are a strike-slip conjugate 
set rotated during formation of large Laramide folds. The age of deposition of 
the Dakota group and the age of Laramide folds constrain strike-slip motion 
on minor faults to between 98 and 68 Ma. These faults formed under E/W 
tectonic shortening and N/S tectonic extension during the earliest part of the 
Laramide orogeny. This occurred when the E/W horizontal compression sur-
passed the vertical stress at the depth of peak strength. Strike-slip motion 
ceased when the N/S compressive stress surpassed the vertical stress. At 
this time deformation transferred to blind thrusts, N/S trending folds, and east-
dipping reverse faults. 
 The metamorphic history of individual samples from the core of the 
northern Front Range can be interpreted from the geometric relationship 
between porphyroblasts and fabrics, and the degree of residual intragranular 
strain in mineral grains. Little evidence for retrogression and hydrothermal 
alteration after 1.4 Ga metamorphism is present, indicating that the metamor-
phic core remained dry during the Neoproterozoic and Phanerozoic. Low fluid 
pressures during the Laramide may have allowed the Front Range to remain 
strong and localize movement along preexisting zones of weakness. This 
mechanical behavior may be at least partly responsible for the thick-skinned 
style of Laramide deformation in the northern Front Range. 
 U-Th/He cooling ages of apatite from Big Thompson canyon are effec-
tively indistinguishable from apatite fission-track ages from the same area. 
Currently exposed crystalline basement in the northern Front Range cooled 
through the ~110 to ~40 °C isotherms very rapidly, and synchronously with 
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exhumation from ~4.5 to 2.5 km. Estimates of minimum Laramide exhumation 
for the northern Front Range can be improved from ~2 km to ~3 km. 
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Appendix 1A - Complete Table of Fault Data
Outcrop Fault                     UTM Unit     Bedding  Fault Plane      Lineation Shear Sense Confidence Comments
Easting Northing Strike Dip Strike Dip Plunge Trend
FRO-001 FRF-001 0474643 4475205 PC schist 100 49 1st gen Normal 2 1st gen R-shears:
93 50 35 147 232,70
92 50 32 148 221,50
97 49 42 144 250,55
107 54 33 137 232,85
100 48 34 138 250,63
120 46 32 138 241,75
100 50 31 127 231,54
110 50 43 133 237,63
90 54 42 129 241,62
93 49 35 143 242,63
92 50 258,41
103 50 240,61
104 48 2nd gen 2nd gen R-shears:
102 51 51 175 289,74
92 50 50 157 296,78
94 52 51 173 295,86
102 53 49 169 282,53
89 48 45 177 269,54
92 49 50 177 293,22
86 49 48 149 281,72
46 153 286,67
49 151 285,70
54 167 285,66
285,71
282,65
285,50
270,54
FRO-002 FRF-002 0482976 4481866 South Platte 47 90 Right-Lateral 3
FRO-003 FRF-003 0480468 4484571 Owl Canyon 276 70 Normal 1 offset beds
FRO-004 FRF-004 0482469 4465914 Lyons 143 27 244 89 12 296 Right-Lateral 2 bedding parallel slip
145 26 263 87 15 291
150 28 248 50 26 269
155 32 272 59 20 272
156 27 270 87 12 304
136 38 320 70 15 300
291 63
292 64
296 63
295 62
300 54
270 55
274 63
276 66
300 85
282 60
311 57
250 84
288 51
303 68
FRF-005 0482464 4465945 140 30 290 58 15 297 Left-Lateral 2 bedding parallel slip
142 22 281 64 14 302
129 11 286 61 21 297
158 32 296 72
158 34 294 65
152 38 293 65
295 79
FRF-006 0482458 4465945 141 32 276 66 22 280 Left-Lateral 2 bedding parallel slip
129 23 281 67 16 282 gouge terminations
152 24 283 72 16 281
280 68 6 280
FRF-007 0482456 4465952 145 35 243 84 26 245 Right-Lateral 3 fault plane 1:
132 49 248 85 28 252 bedding parallel slip
125 45 253 81 38 247
246 82
250 75 34 255 fault plane 2:
263 69 37 260 bedding parallel slip
250 75 22 263
263 69
265 74
270 74
268 80
268 73
265 71
280 62
FRF-008 0482452 4465971 168 25 281 62 15 284 Left-Lateral 2
164 21 283 69 12 282
160 20 288 65 15 291
153 20 287 79 19 281
289 69 19 280
284 60 33 276
274 69 16 288
281 72 18 289
284 55 15 290
285 62 18 280
279 46
285 57
85
FRF-009 0482438 141 25 281 82 26 276 Unknown fault plane 1:
167 29 297 83 24 280
168 29
251 69 32 256 fault plane 2:
255 85
FRO-005 FRF-010 0485921 4475192 Dakota 145 80 228 74 5 231 Right-Lateral 3 bedding perpendicular slip
164 81 228 62 9 226
230 61 6 237
231 68 7 232
232 64 10 228
230 63
FRF-011 234 80 82 312 Right-Lateral 3 bedding parallel slip
233 87 79 321 Reverse
240 76 88 320
240 89 75 328
238 84 88 322
230 81 78 327
241 85 78 326
FRF-012 244 61 60 308 Right-Lateral 3 bedding parallel slip
230 63 60 302 Reverse
228 73 61 286
220 58
238 66
228 70
220 51
FRF-013 219 90 14 224 Right-Lateral bedding perpendicular slip
216 86 15 219
218 73 10 218
213 80 18 219
214 78 12 226
220 90 17 219
223 77 12 220
215 78
FRO-006 FRF-014 0485961 4475130 Dakota 155 78 232 76 69 286 Right-Lateral 2 bedding parallel slip
151 75 238 74 71 264 Reverse
249 90 68 273
238 78 70 292
251 84 73 283
251 81 71 331 these lineations may be
256 76 72 330  incorrect:
80 318
72 331
88 326
FRF-015 231 56 63 285 Right-Lateral 2 bedding parallel slip
236 59 66 285 Reverse
244 63 53 277
244 74
230 53
242 52
235 67
230 72
246 54
238 65
FRF-016 232 82 54 295 Right-Lateral 2 bedding parallel slip
237 76 62 277 Reverse
221 72 66 281
253 69 66 283
232 80 68 276
240 77
245 69
245 69
253 65
208 12 10 314 Left-Lateral small splay cutting FRF-016
Normal with bedding parallel slip
FRO-007 FRF-017 0486028 4475030 Dakota 151 73 247 85 54 283 Right-Lateral 2 bedding parallel slip
145 66 231 79 75 278 Reverse
146 74 245 85 68 265
231 75
242 69
237 65
FRF-018 228 70 65 266 Right-Lateral 3 bedding parallel slip
232 72 61 266 Reverse
243 57 56 269
224 68
225 66
225 68
227 71
FRO-008 FRF-019 0486169 4474824 Dakota 140 80 224 71 65 260 Right-Lateral 3 bedding parallel slip
155 73 204 82 59 254 Reverse
216 82 74 232
212 66 61 260
202 72 69 262
222 80 75 264
219 70 58 268
205 68 69 254
200 61
204 66
205 50
210 71
86
194 51
FRF-020 214 46 14 282 Left-Lateral 3 bedding parallel slip
209 43 23 284 normal
197 19 19 291
232 32 41 306
240 18 44 300
214 12 24 295
201 5 34 290
190 8 22 296
187 10
FRO-009 FRF-021 santanka 164 65 175 3 30 287
171 65 164 15 24 200 thrust 3
172 36 24 286
169 6 25 283
154 10 20 285
194 25 11 271
180 21 4 266
170 14 19 266
142 20
175 19
FRO-010 FRF-022 0485915 4494512 south platte 350 31 266 80 24 86 left lateral 3 hanging wall exposure of n. dipping 
351 17 89 86 31 88 fault in s. platte first; bedding parallel 
346 19 271 86 30 91 slickenlines with sparse r-shears
281 73 29 96
270 83 27 93
267 89 30 88
265 79 27 94
266 90 29 97
269 87
275 82
273 90
270 89
FRF-023 0485916 4494492 337 20 354 41 41 76 thrust 2 low angle reverse fault, good r-shears
341 12 344 44 44 72
341 18 338 45 40 65
341 42
345 39
340 41
331 38
FRO-011 FRF-024 0486083 4493830 south platte 356 65 342 85 70 18 reverse 3 well polished surface
358 62 342 85 70 28 poorly defined lineations
356 53 344 64 72 14 sparse r-shears
346 87 74 28
343 80 60 33
332 60 55 16
338 64 56 32
348 63 63 47
349 62 55 33
353 58 51 23
345 59
346 59
330 57
335 57
340 83
345 84
345 80
FRF-025 0486089 4493812 355 52 350 54 56 52 reverse 2 excellent slickenlines
342 41 350 61 62 7 numerous r-shears
350 51 348 57 52 55
344 68 61 18
342 62 69 21
10 63 59 9
8 65 44 56
333 66 49 48
339 64 52 43
330 62 61 51
21 67 61 48
20 68 70 50
20 70 56 45
20 70
335 63
330 65
8 63
19 70
26 72
14 64
357 80
6 87
345 65
332 62
347 66
333 65
335 70
FRF-026 0486146 4493663 349 42 342 61 66 35 reverse 2 good slickenlines
347 41 347 64 65 62 deep striations and secondary shears
344 43 348 65 67 42 indicate reverse motion
351 71 61 41 continuation of FRF-024 and FRF-025
344 60 67 54
349 65 71 59
338 70 70 61
334 73 65 61
336 69
348 70
340 74
337 68
FRO-012 FRF-027 0488287 4486485 south platte 354 19 52 67 15 62 right lateral 2 large near vertical exposure with 
9 37 78 80 18 55 bedding parallel lineations and 
20 22 250 90 18 62 2 fault planes
63 89 17 67 shows right lateral motion in the 
230 75 13 63 form of secondary shears
87
247 85 15 64
53 82 15 60
62 83 14 61
239 81 12 70
238 77 12 68
64 84 22 51
63 90 20 50
230 86 19 51
232 81 17 45
228 87 24 44
231 90 21 40
215 86
225 86
230 81
229 83
226 89
42 83
226 85
228 89
FRF-028 97 80 14 96 left-lateral intense r-shears
99 79 10 97 poor lineations
97 84 21 100 occurs in 3+ locations, not parallel to
110 81 11 105 previous faults
105 85 16 109
99 80 16 102
106 73 9 106
108 81
111 74
104 83
108 81
107 82
FRO-013 FRF-029 0482060 4464704 lytle 344 2 246 75 10 247 right-lateral 1.5m wide near vertical fault zone
354 3 249 83 14 250 2 planes showing slicks
346 3 76 88 4 257 secondary shears showing right lateral
75 77 3 252 bedding parallel movement
73 76 3 253
72 78 16 81
70 85 10 82
264 72 13 80
262 80 12 83
260 81 11 84
70 90
261 87
258 69
255 71
260 82
FRF-030A 0482041 4464776 346 8 113 65 5 108 left-lateral 3 7m wide vertical fault zone
23 16 108 79 13 110 2 lineated surfaces
18 19 127 76 4 130 secondary shears small and sparse
286 86 2 108
276 84 8 96
275 82 14 97
286 83 10 95
290 65 9 99
FRF-030B 281 89 8 100 see above
286 89 10 102
280 90 9 105
281 90 10 98
284 90 7 101
280 87 7 105
281 88 7 102
284 90 11 98
275 88 10 103
284 89 9 100
282 90
FRF-031 0482035 4464794 346 8 218 81 9 63 right-lateral 2 bedding parallel lineations and 
23 16 218 79 3 37 secondary shears
18 19 205 78 8 39
239 71
241 70
254 63
70 84
71 90
260 73
255 75
257 76
FRF-032 0482034 4464799 350 15 11 34 40 92 thrust 2 footwall of east dipping thrust fault
360 17 0 34 39 98 good slicks and secondary shears
4 21 321 41 36 97
1 33 35 92
348 36 32 94
15 34 35 90
7 38 37 95
0 41 35 95
1 36 39 86
359 37 40 92
FRO-014 FRF-033 0481958 4464735 lytle 353 29 280 72 17 110 left-lateral footwall of near vertical fault
9 11 289 80 16 95 bedding parallel slickenlines
20 17 284 81 7 113 2 gens of r-shears
280 87 5 110
294 55 5 102
291 68 5 278
281 70 19 108
291 71 15 82
286 70 12 108
283 84 15 109
272 65 7 114
282 85 12 100
282 60 10 106
295 50
88
292 74
279 65
291 43
282 74
279 83
FRO-015 FRF-034 0482527 4465038 dakota 136 28 257 49 25 305 left-lateral 3 tall narrow footwall
SE trending 165 32 252 44 27 302 very good slicks
SW dipping 150 28 255 59 21 306 sparse secondary shears
spine E of 272 66 23 302
2nd Carter 272 61 18 300
Lake dam 254 51 22 294
264 51 30 294
279 51 30 295
270 57 22 296
273 56 29 301
276 64
279 61
FRF-035 0482531 4465033 145 42 221 83 49 220 right-lateral 2 near vertical fault
148 32 222 86 58 209 bedding parallel lineations and 
149 30 233 88 43 228 good r-shears
211 80 36 230
218 88 55 207
230 71 53 221
224 73 57 226
234 72 47 259
202 81 46 252
221 81
222 81
198 77
230 85
234 77
225 75
241 74
236 74
235 75
FRF-036 0482532 4465028 240 72 47 240 right-lateral 2 nearly identical to FRF-035
248 78 43 238 found 8m SE of FRF-035
247 76 40 234
239 71 41 245
242 72 36 257
244 67 46 254
243 83
243 74
242 80
239 70
FRO-016 FRF-037 0482316 4463452 dakota 351 9 108 87 7 112 left-lateral two sets of near vertical faults
109 88 10 117 with bedding parallel movement
113 78 14 115 left-lateral faults maybe cross-cut
115 72 right lateral faults
0482312 4463481 324 10 111 87 5 293
114 84 5 297
116 78 0 290
109 74 10 290
108 89
110 81
0482315 4463524 21 19 120 81 19 106
117 84 17 118
114 87 17 120
118 87 17 112
FRF-038 0482314 4463464 351 11 60 82 3 64 right-lateral
66 72 17 65
64 84 12 55
79 77
0482313 4463476 308 13 74 68 11 80
77 70 11 78
70 68 3 81
75 89
0482312 4463481 329 11 65 79 11 70
72 72 19 54
68 70 18 60
65 80 16 63
64 84
62 90
0482309 4463493 7 17 60 81 17 52
50 81 11 60
53 84 11 64
61 83
0482309 4463513 11 20 65 78 14 64
66 82 15 66
64 75 20 68
65 89 14 67
63 89
63 81
0482314 4463524 2 21 243 90 15 55
245 79 12 73
241 77 19 73
253 75
0482319 4463529 3 19 66 83 17 72
71 82 14 70
50 85 14 71
65 85
56 86
55 86
89
FRF-039 0482316 4463472 338 14 354 31 32 102 thrust good slicks
323 41 25 96 excellent r-shears
350 33 34 103
355 32 33 102
350 37 29 99
348 37
FRO-017 FRF-040 0482204 4463262 dakota 0 16 92 76 15 78 right-lateral 2 r-shears provide evidence
79 80 15 76 of shear sense
70 68 13 72 left-lateral faults seem to cut
254 82 16 63 right-lateral faults
261 74 14 69
254 89
0482216 4463234 339 15 258 69 15 63
245 86 15 62
257 80 18 68
75 70 19 67
251 90 19 66
254 59
FRF-041 0482204 4463245 11 21 106 79 14 111 left-lateral 2 see above
107 86 18 111
115 88 12 111
110 86 15 111
119 88 21 110
107 90 15 110
104 85 17 112
111 76 16 114
110 84 15 113
108 85 12 108
0482213 4463222 18 13 122 74 14 118
124 71 15 115
116 85 10 107
123 75 9 105
110 83 10 102
129 61 12 103
117 90
127 89
0482241 4463202 331 16 106 81 8 105
104 84 10 110
107 83 17 107
105 80 10 107
106 87
97 82
FRF-042 0482211 4463278 7 9 352 40 38 98 thrust 2 see above
354 46 36 95
348 34 37 87
345 37 43 84
357 33
349 30
0482204 4463262 0 16 10 32 33 102
356 38 32 93
7 38 33 94
3 39 33 101
10 37
350 37
0482218 4463218 37 10 7 38 41 97
3 28 15 98
6 37 31 97
5 48 31 89
16 44 35 91
354 45
FRO-015 FRF-043 0482578 4464951 dakota 159 56 236 82 64 209 right lateral 3 vertical fault with bedding-parallel motion
165 55 222 86 56 234 good slicks, decent r-shears
155 45 251 86 59 240
250 85 61 220
245 85 60 234
245 88 61 231
242 89 63 203
245 89 59 219
241 90
240 88
69 86
54 84
60 86
242 86
54 85
67 90
70 85
FRF-044 0482601 4464917 145 49 60 86 50 211 right-lateral 2 near vertical faullt w/ bedding parallel
142 49 59 90 52 212 slip, good secondary shears;
150 32 61 85 57 199 small cave behind it
64 84 62 187
51 88 59 195
55 84 51 194
70 86 54 198
50 90 57 211
58 79 53 207
65 77 57 222
60 86 52 218
48 72 49 225
219 90 54 214
39 85
33 84
228 85
65 90
44 85
58 90
90
43 90
64 81
61 82
FRF-045 0482606 4464904 148 44 165 57 55 275 thrust hangning wall of thrust fault
151 43 175 56 59 264 good r-shears on out-of-place 
145 46 163 54 57 272 foot wall block; fault possibly cross-cuts
175 50 58 272 a vertical fault w/ bedding parallel slip
168 55 58 274
163 54 61 286
170 53 58 277
148 54
145 55
158 55
152 62
160 56
167 56
164 52
163 57
173 54
FRO-016(b) FRF-046 0488256 4474239 331 10 228 71 7 45 right lateral near vertical fault
330 12 58 82 12 46 bedding parallel slip
335 16 47 85 6 48 large r-shears
50 87 8 40 partially preserved slick
45 87 11 46
50 83 10 47
44 84 10 46
46 87 10 49
45 78 9 45
45 82
42 84
48 88
46 75
47 81
48 72
49 77
46 79
FRF-047 0488207 4474308 21 19 57 83 11 46 right lateral 2 cross cuts left lateral conjugate
339 15 54 87 11 51
348 22 58 84 10 55
1 18 59 87 15 54
47 85 18 52
55 86 15 54
54 90 17 52
50 85 10 52
56 87 11 49
59 89 18 55
59 84 18 47
57 87 15 56
52 88
50 89
60 87
49 87
56 86
57 88
55 84
56 88
232 84
238 86
52 80
55 83
55 90
FRF-048 0488207 4474308 21 19 340 80 left-lateral 2 no preserved lineations
339 15 169 70 good r-shears
348 22 182 86
1 18 175 84
164 76
161 75
156 78
171 78
185 67
180 80
188 82
178 81
177 81
184 77
179 63
178 66
173 71
151 84
154 71
164 79
FRF-049 0488188 4474321 21 19 94 80 13 106 left-lateral 3 tall narrow exposure
339 15 103 88 11 100 sparse r-shears
348 22 93 76 14 94
1 18 106 84 6 102
97 76 7 101
95 86 13 104
104 81 10 113
100 87 9 101
95 85 6 97
92 70 11 108
104 83
98 81
FRF-050 0488106 4474422 335 17 235 61 22 246 right lateral 2 south dipping
340 16 230 52 15 240 bedding parallel slip
358 10 241 68 16 245 good r-shears
91
233 63 20 240 fault truncates at surface of 
239 73 17 62 similar orientation to left lateral faults
237 61 17 63 but no good r-shears or slicks
239 69 15 64 are present on this surface
236 71 17 65
238 68 15 67
238 64 22 62
61 73 22 61
59 64 20 63
60 74 21 63
58 76
56 85
60 80
56 71
55 74
58 78
61 70
FRO-017(b) FRF-051 0481216 4467603 63 21 306 27 27 65 thrust 2 good slickenlines
65 14 348 30 26 68 lots of secondary shears
83 24 315 25 30 67 two sets of slip lineations are present
84 22 311 21 24 64 the first is expressed as deep polished
358 23 33 69 grooves roughly perpendicular to 
349 27 32 65 secondary shears. The second set
24 25 27 73 has no associated secondary shears
14 24 26 72 and are expressed only as faint striations
346 32 26 68 suggesting reacitivation of a previously
345 28 24 77 ruptured fault plane. Shear sense
349 38 33 51 during the second generation of
6 27 25 68 fault slip was likely also reverse as 
5 30 27 73 2nd gen lineations are only present
13 26 24 69 on the more steeply dipping faces
3 30 23 72 of undulations in the fault surface
341 29 23 67
326 35 21 78
341 34 19 81
6 29 26 79
358 32
1 31 2nd Gen.
24 107
25 109
26 114
31 97
29 109
25 101
20 108
22 112
23 111
FRO-018 FRF-052 0482394 4466080 Lyons 160 38 246 65 6 65 footwall of n. dipping fault
156 41 244 65 8 68 dominant slickenline orientation is
190 23 279 81 7 74 roughly horizontal w/ no clear 
271 70 10 103 associated shear sense indicators 
270 64 17 98 suggesting  a record of late strike-slip
240 64 8 72 movement. Hints of prior motion are
240 61 4 261 present but not measurable. 
244 60 6 247 previous instances of bedding parallel
250 60 7 63 and bedding perpendicular motion
247 69 4 76 are possible
242 53
263 59
251 66
253 72
104 88
102 87
280 81
282 84
247 68
253 73
259 52
FRF-053 0482402 4466084 159 20 250 66 22 252 right lateral 3 small exposure in foot wall of north 
150 25 247 80 17 247 dipping fault w/ bedding parallel slicks
153 23 258 75 18 249 sparse secondary shears
250 82 20 253
249 75 18 250
250 75 17 252
246 77
251 83
246 83
239 78
247 84
250 88
FRF-054 0482396 4466112 172 23 260 87 30 259 right lateral 2 hanging wallof north dipping
170 17 258 87 30 253 fault with bedding parallel slip
172 21 261 84 31 257 good r-shears
263 71 32 261
256 84 33 258
262 84 54 263
258 85 34 255
256 89
258 84
263 84
254 79
259 90
FRO-019 FRF-055 0487774 4486913 Lytle 335 13 230 86 21 41 right lateral 3 vertical fault with bedding parallel
336 16 225 87 22 36 lineations. Secondary shears are
332 20 48 82 22 48 pretty poor but seem to indicate
331 17 235 86 22 46 right lateral movement
225 82 25 49
92
228 87
48 85
48 87
50 89
47 89
FRO-020 FRF-056 0486745 4484236 lyons 40 17 242 79 20 68 right lateral 3 bedding parallel slip
350 25 255 90 18 67 indicated by secondary shears and 
21 19 251 84 20 64 striation shadows
246 80 17 64 the fault is near vertical
250 88 9 55
235 80 20 60
242 79 15 67
241 85 16 58
240 79 17 63
250 83 16 53
254 85 20 62
257 87 26 65
249 88 24 64
243 85 30 54
235 74
240 78
251 85
84 83
242 83
240 80
240 78
251 81
FRF-057 lyons 117 89 17 120 left lateral 3 conjugate to FRF-056
115 83 17 116 1m north of fRF-056
114 81 19 119 striation shadows and secondary shears
115 77 16 115 show left lateral movement
111 77 15 117 bedding parallel
109 73 15 117
116 85 18 117
113 84 17 108
113 86 17 114
112 82 20 112
97 82 20 110
112 80
108 86
FRO-021 FRF-058 0488007 4487127 south platte 340 26 234 80 22 41 right lateral 2 good r-shears
330 26 215 84 19 46 bedding parallel slip
334 21 219 82 24 40 near vertical
342 23 221 70 10 44
225 75 17 48
47 87 20 44
36 83 14 44
55 87 11 45
44 81 18 46
224 82 5 43
234 89 5 52
230 90 16 32
225 90
36 81
44 83
47 85
225 87
FRF-059 0488005 4487130 341 14 46 84 17 49 right lateral 3 near vertical
5 15 46 83 5 47 beddin parallel slip
330 13 42 81 15 46 small secondary shears
12 14 46 87 14 44
43 83 16 47
43 82 24 48
51 84 9 47
44 80 16 50
45 85
51 85
FRF-060 0488008 4487138 341 14 218 84 16 37 right lateral 2 similar in orientation to FRF-059
5 15 220 77 14 34 vertical plane
330 13 224 52 10 30 bedding parallel slip
12 14 223 80 9 35 good r-shears
215 69 10 39
224 68 11 40
43 82 18 38
39 59 13 33
35 77 12 35
41 75 19 44
46 76 15 39
37 69
48 78
39 84
42 68
43 69
FRF-061 0488006 4487141 350 15 76 88 10 100 left lateral 2 near vertical fault
334 19 78 85 16 106 bedding parallel slip
346 24 88 85 14 103 good lineations
340 12 94 72 15 99 lots of secondary shears
100 74 12 102
100 82 11 99
99 85 12 101
98 90 10 103
109 89 6 100
276 87 10 96
92 85 12 97
98 87 10 105
93
103 88
103 84
95 79
77 87
82 89
FRF-062 0488003 4487149 350 23 230 86 16 46 right lateral 3 near vertical fault
344 20 54 82 15 38 bedding parallel slip
340 17 53 79 20 40 some low angle secondary shears
47 80 18 35
52 85 18 46
235 86 15 49
234 90 20 45
232 89 19 50
238 81 24 50
225 90 14 52
52 80 18 47
60 86 15 49
56 87
54 90
48 89
50 86
49 87
47 90
56 90
53 85
FRF-063 0487997 4487151 335 10 90 85 25 90 left lateral 2 same as above
338 21 83 76 24 86
85 81 22 87
264 83 22 85
294 88 25 98
75 88 23 100
87 87 25 105
80 89 20 94
86 87 20 96
264 84 16 98
91 90 22 85
83 79
280 88
281 83
98 84
75 84
91 85
FRF-064 0488002 4487156 335 10 232 81 17 35 right lateral 2 vertical fault
338 21 231 83 20 41 bedding parallel slip
230 78 20 38 good r-shears
234 88 20 39
226 88 17 37
227 86 17 35
229 89 18 42
237 83 18 53
229 87 16 49
49 84 14 48
44 89
43 86
45 86
42 88
46 85
55 80
59 86
55 80
56 83
FRF-065 0487962 4487241 340 11 45 86 23 37 right lateral 3 small near vertical fault
342 24 40 85 20 40 bedding parallel slip
10 20 41 85 13 35 deep lineation grooves
39 78 18 36 sparse secondary shears
47 82 15 43
45 82 15 40
45 79 16 39
55 76
60 74
52 86
FRO-024 FRF-066 0476642 4465835 286 71 70 6 normal 3 small lineated surface
288 71 71 343 shear sense is very difficult to determine
283 69 69 349 small secondary shears may indicate
normal motion
FRF-067 0476639 4465821 298 60 56 347 3 or 4 hanging wall similar to Frf-066
299 61 52 351 patchy lineations
297 62 shear sense hard to determine
303 65
FRO-025 FRF-068 0468617 4459381 218 60 41 81 86 179 reverse 3(-) small well lineated surface in
42 80 86 156 s.p. granite. Possible crescent marks/
46 82 83 151 secondary shears indicate reverse
47 76 65 185 motion
37 85
52 87
48 81
45 76
51 82
44 71
FRF-069 0468609 4459383 221 64 79 54 55 195 reverse 3 small surface
74 58 50 185 subtle lineations
76 57 50 186 1 large potential secondary shears
85 45 50 193
94
75 54 54 192
73 57 50 163
79 48 48 181
79 55
76 58
74 55
FRF-070 0468584 4459385 51 70 39 64 60 170 normal 3 very small lineataed surface
48 57 62 171 possible secondary shears
40 64 64 157 hints of previous strike slip lineations
44 66 65 176 but may just be intersection of 
50 65 52 168 foliation and fault plane
49 59 52 173
44 62 56 171
41 63 55 170
44 64 older gen
40 66 8 220
13 212
FRF-071 0468535 4459421 265 74 277 74 19 91 left lateral 2 large ~vertical surface
272 78 25 93 strike-slip lineations
268 86 30 95 large secondary shears
266 84 25 85
265 79 30 100
268 83 26 94
251 82 16 93
88 89 26 86
279 82 25 88
268 81 29 95
273 86 32 97
271 84 27 97
271 90
261 90
266 88
86 86
FRF-072 0468509 4459423 73 80 68 83 69 188 very large polished surface in 
65 84 76 200 s.p. granite. Shear sense could
74 77 80 161 not be determined
70 75 71 189
68 68 72 192
59 83 69 193
65 77 77 155
62 80 69 146
65 78 62 143
61 63 70 155
74 71 80 159
59 79 76 183
68 80 70 156
63 76 76 155
61 80 68 196
64 78 63 173
71 82
54 89
69 71
61 63
54 76
67 75
52 58
FRF-073 0468485 4459390 84 70 67 72 76 208 normal 2 footwall exposure of well striated
65 77 71 204 normal fault with mm and multi-cm
60 75 80 202 scale r-shears
69 71 76 195
68 77 82 199
66 77 72 210
58 88 63 208
67 86 72 203
65 75 75 192
60 74 65 194
66 75 74 193
66 81 68 182
64 84
71 70
64 71
FRF-074 0468489 4459422 65 65 48 50 51 170 normal 3(-) elevated undulating footwall surface
64 53 41 160
55 53 46 171
56 51 40 166
69 56 50 162
80 44 45 157
50 58 43 181
57 59 42 164
43 52
56 54
55 52
FRF-075 0468486 4459421 253 68 325 80 63 142 normal 3 large near vertical scarp
325 81 62 147 poor slip lineations
324 81 61 145 sparse secondary shears
326 76 64 145
322 80 62 126
325 78 71 131
328 80 59 137
328 82
325 78
324 81
325 80
323 83
95
FRF-076 242 74 80 48 41 200 unknown very small moderately dipping
81 49 36 190 footwall surface w/ good lineation
92 45 49 180 no shear sense
80 43 39 190
85 42 40 188
90 24 43 173
87 46 45 178
92 44 43 180
76 43
80 48
80 42
FRF-077 35 83 52 190 normal 3 sparse or very small r-shears
30 72 52 181 FRF-077 cross cuts FRF-076
37 79 55 176 FRF-075 cross cuts FRF-077 and 76
39 80 45 175
36 79 60 179
39 79 67 169
40 76 71 159
42 75 65 177
38 77 54 173
39 76
34 78
22 74
32 70
FRO-026 FRF-078 0465984 4478500 265 58 288 87 14 106 left lateral 3 large, foliation/dike parallel
279 62 283 85 12 100 strike-slip fault in biotite schist
281 54 285 86 10 98 largest r-shears suggest left lateral
291 84 0 95 motion but contradictory indicators
292 85 4 102 are present (or maybe they're 
304 75 13 107 consistent slickenside growths)
286 87 9 100
289 87 8 108
299 79 8 96
285 89 7 99
282 87 8 109
288 86
283 86
286 86
286 90
FRF-079 same as above not 125 69 13 290 left lateral 3(-) strike slip fault in pegmatite
foliated 123 73 14 306 small number of r-shears
118 81 15 302
118 88 20 301
121 80 14 308
301 81 13 299
115 76 0 304
124 81 12 312
124 78 10 304
122 86 8 303
122 81 9 305
123 81 9 307
122 79
121 77
115 88
125 86
FRO-027 FRF-080 0480536 4474867 125 70 125 80 14 119 left lateral 3 very large near vertical scarp on 
109 75 129 81 14 118 south side of highway 34 with most
115 76 126 84 13 119 recent lineations ~horizontal
104 80 122 80 2 118 fault steps back on foliation planes
119 80 9 122 fol. Cleavage may act as r-shears
123 79 16 120 scarp is prob. Thompson canyon fault
121 84 16 123 or a splay thereof
123 75 11 125
121 79 15 123
122 80 19 118
116 77 21 121
124 76 15 116
118 79 12 118
124 82 11 118
123 84 10 116
120 83
119 82
118 84
119 83
124 78
117 81
117 82
FRO-028 FRF-081 048220 4459400 214 81 74 224 unknown steeply dipping surface
214 82 72 234 poorly preserved steeply plunging
215 82 73 229 lineations, overprinting a possible
214 82 71 231 set of SW trending strike slip lineations
213 82 72 235 no foliation
215 82 75 233
214 82 84 254
213 81 72 234
214 84 66 227
214 85 71 226
214 83 76 224
214 84 older gen
215 84 21 216
217 82 14 217
213 82 16 215
FRF-082 0468205 4459404 245 70 200 86 54 213 reverse 3(-) tall narrow near vertical surface
250 61 200 84 54 205 with excellent lineations
196 85 69 200 and possibly secondary shears
96
196 84 69 207
194 79 60 196
200 79 61 203
201 83 68 216
210 85 72 211
202 87 71 213
200 83 70 202
198 87 73 204
196 86
199 85
200 85
208 89
FRF-083 0468177 4459405 256 65 206 86 73 239 normal 3(-) near vertical fault
209 83 70 232 faint steeply plunging lineations
211 89 80 224 well polished
211 87 77 220 poor secondary shears
210 86 72 230
206 87 69 221
203 90 68 222
29 83 71 224
28 90 73 220
30 87 70 220
31 86 70 216
27 89
26 85
28 90
23 84
FRF-084 0468183 4459641 85 65 219 86 13 217 right lateral 3 near vevrtical fault
81 61 219 88 33 226 subhorizontal lineations
221 84 18 217 secondary shears
220 83 19 218
214 82 16 219
216 86 14 220
219 87 16 220
218 89 14 218
217 88 17 218
214 87 14 223
223 90 8 217
220 88
216 88
219 87
220 89
FRO-029 FRF-085 0467281 4459111 39 76 55 193 reverse 3 .15 mile long fault scarp
47 67 56 186 very good dip slip lineations on many 
42 69 70 186 surfaces 
47 72 58 190 complexly fractured but including what
49 77 65 186 appear to be reverse r-shears 
52 72 65 181 with some regularity
44 74 67 179 older overprinted lineations present
35 74 65 194 including a strike-slip set
42 88 61 191
64 74 68 189
59 70 75 182
58 75 74 194
45 75 74 194
51 76 71 176
54 76 74 189
46 80 74 185
50 76 76 172
43 85 70 165
52 85 64 148
47 80 67 175
48 81 70 188
55 75
61 7-
49 74
58 70
48 75
40 72
51 71
39 77
60 83
56 73
97
Appendix	  1B:	  Average	  Orientations	  for	  All	  Faults
Fault Shear	  Sense Easting Northing Bed	  Strike Bed	  Dip Plane	  Strike Plane	  Dip Lin	  Plunge Lin	  Trend Rot.	  Plane	  Strike Rot.	  Plane	  Dip Rot.	  Lin	  Plunge Rot.	  Lin	  Trend
FRF-­‐001 Normal 474643 4475205 97 50 44 150
FRF-­‐005 Left-­‐Lateral 0482464 4465945 149.3 27.6 290.8 66.2 16.7 289.7 293.1 88.6 1.7 105.4
FRF-­‐006 Left-­‐Lateral 0482458 4465945 140.8 26.1 280 68.2 15 280.8 282.1 88.6 2.3 97.2
FRF-008 Left-Lateral 0482452 4465971 161.7 21.4 283.4 63.7 18 284.2 288.8 76.1 0.3 101.3
FRF-­‐004 Right	  Lateral 0482469 4465914 147 30 282 65 17 289 285.5 87.4 2.4 104.4
FRF-­‐007a Right	  Lateral 0482456 4465952 133.2 42.7 247.5 83 30.7 248 64 79.2 8.9 62.4
FRF-­‐007b Right	  Lateral 0482456 4465952 133.2 42.7 264.1 72 31.1 259.5 83.9 78.7 5.1 71.7
FRF-053 Right Lateral 0482402 4466084 153.7 22.6 248.6 78.8 18.7 250.5 251.4 81.6 3.8 68.9
FRF-054 Right Lateral 0482396 4466112 171.4 20.3 259 84 34.8 257.8 260.2 83.5 14.5 257.3
FRF-052 Unknown 0482394 4466080 165.3 33.3 252.8 63.3 13.2 78.2
FRF-­‐020 Left/Normal 0486169 4474824 147.4 76.4 213.8 20.7 27.8 292.4 302.5 69.1 22.6 104.5
FRF-­‐010 Right-­‐Lateral 0485921 4475192 154.5 80.4 229.8 65.3 7.4 230.8
FRF-­‐013 Right-­‐Lateral 0485921 4475192 154.5 80.4 217.3 81.5 14 220.7
FRF-­‐011 Right/Reverse 0485921 4475192 154.5 80.4 236.6 83.1 81.2 323.7 245 81.2 7.8 248.2
FRF-­‐012 Right/Reverse 0485921 4475192 154.5 80.4 229.9 62.9 60.7 298.8 265 72.7 7.8 83.1
FRF-­‐014 Right/Reverse 0485961 4475130 153 76.5 245.1 79.7 74.9 299.3 248.8 89.6 4.9 250.9
FRF-­‐015 Right/Reverse 0485961 4475130 153 76.5 237.6 61.4 60.7 281.7 265.4 78.9 9.6 76.3
FRF-­‐016 Right/Reverse 0485961 4475130 153 76.5 239.6 73 63.4 283.3 254.1 82.8 7.1 75.3
FRF-­‐017 Right/Reverse 0486028 4475030 147.4 71 238.9 76.3 65.9 276.4 256.6 86.9 0.2 68.1
FRF-­‐018 Right/Reverse 0486028 4475030 147.4 71 228.9 67.3 60.7 267.1 252.5 75.3 6.8 67.3
FRF-­‐019 Right/Reverse 0486169 4474824 147.4 76.4 209.4 68.3 66.5 257.9 250.2 59.3 8.5 60.9
FRF-­‐022 Left-­‐lateral 0485915 4494512 349.1 22.3 270.4 83.4 28.4 91.6 268.2 79.6 6.6 91.3
FRF-­‐023 Thrust 0485916 4494492 339.4 16.7 341.9 41.2 41.8 71
FRF-­‐024 Reverse 0486083 4493830 356.7 60 342.6 69.7 62.9 27.6
FRF-­‐025 Reverse 0486089 4493812 349.4 47.9 355.1 65.1 59 40.4
FRF-­‐026 Reverse 0486146 4493663 346.6 42 342.8 67.4 66.8 51.4
FRF-­‐028 Left-­‐Lateral 0488287 4486485 8.4 25.7 104.2 80.2 13.9 102.1 109 83.7 11.7 283.2
FRF-­‐061 Left-­‐Lateral 0488006 4487141 342.6 17.4 93.1 83.6 11.5 100.9 94.9 89.8 3.8 281.2
FRF-­‐063 Left-­‐Lateral 0487997 4487151 337 15.5 86 84 22.3 93.1 87.7 89.2 8.3 92.1
FRF-­‐027 Right-­‐Lateral 0488287 4486485 8.4 25.7 229 87 17.2 57.2 52.2 73.6 2.6 240.5
FRF-­‐055 Right-­‐Lateral 0487774 4486913 333.3 16.5 227 88 22.5 44 48 87.4 6.9 46.3
FRF-­‐058 Right-­‐Lateral 0488007 4487127 336.5 23.9 224 86 15.1 43.8 45.5 84.7 7.1 225.7
FRF-­‐059 Right-­‐Lateral 0488005 4487130 352.7 13.4 45.7 83.4 14.5 47.2 48.4 75.6 3.5 49.1
FRF-­‐060 Right-­‐Lateral 0488008 4487138 352.7 13.4 220 87 13.4 36.7 40.9 83.9 4 38.8
FRF-­‐062 Right-­‐Lateral 0488003 4487149 345.1 20 52 85 17.7 45.6 55.9 77.6 0.1 48.1
FRF-­‐064 Right-­‐Lateral 0488002 4487156 337 15.5 50 90 17.8 41.7 51.4 85.5 3.7 43.7
FRF-­‐065 Right-­‐Lateral 0487962 4487241 351.7 17.8 46.8 81.2 17.2 38.6 51.4 71.4 3.9 41.7
FRF-­‐030a Left-­‐lateral 0482041 4464776 14 14 287.4 90 8.3 105.3 287.9 89.2 5.7 285.9
FRF-­‐030b Left-­‐lateral 0482041 4464776 14 14 281.6 89.1 8.8 101.4 282 89.7 5.2 282
FRF-­‐033 Left-­‐lateral 0481958 4464735 4.3 18.6 284.6 70.3 13.3 105.5 278.4 68.1 4.9 286.1
FRF-­‐029 Right-­‐lateral 0482060 4464704 348.5 6.7 255.4 85.7 2.9 76.8 255.3 86.1 3.8 257.1
FRF-­‐031 Right-­‐lateral 0482035 4464794 14 14 240.8 76.8 6.8 46.2 239.9 86.5 0.7 227.4
FRF-­‐032 Thrust 0482034 4464799 358.7 17.6 358 35.5 36.8 93.1
FRF-­‐034 Left-­‐Lateral 0482527 4465038 150.9 28.2 267.4 55.5 24.8 299.5 278.1 71 8.4 291
FRF-­‐035 Right-­‐Lateral 0482531 4465033 147.1 34.6 224.3 78.7 50.5 229 231.2 73.4 16.1 229.9
FRF-­‐036 Right-­‐Lateral 0482532 4465028 147.1 34.6 242.7 74.3 42.5 244.8 248.8 80.3 8.2 241
FRF-­‐043 Right-­‐Lateral 0482578 4464951 159.9 51.9 241.9 89.3 60.9 224.4 242.6 83.3 11.2 234.7
FRF-­‐044 Right-­‐Lateral 0482601 4464917 145.2 43.3 56.8 83.8 54.9 207.7 49.8 84.4 14.2 217
FRF-­‐045 Thrust 0482606 4464904 147.9 44.3 163 54.7 58.1 274.2
FRF-­‐037a Left-­‐Lateral 0482316 4463452 351 9 111.2 81.2 10.3 114.7 112.5 85.9 2.7 114.5
FRF-­‐037b Left-­‐Lateral 0482312 4463481 324 10 111.3 82.2 5 292.5 292.2 89.3 10.2 294.2
FRF-­‐037c Left-­‐Lateral 0482315 4463524 21 19 117.2 84.7 17.6 114 119.3 87 1.4 294.6
FRF-­‐041a Left-­‐Lateral 0482204 4463245 11 21 109.7 84.7 15.5 111.1 112 88.1 5.1 291.7
FRF-­‐041b Left-­‐Lateral 0482213 4463222 18 13 120.9 78.5 11.7 108.3 123.6 81.7 1.2 288.8
FRF-­‐041c Left-­‐Lateral 0482241 4463202 331 16 104.2 82.8 11.3 107.2 285.4 86.2 0.1 106.9
FRF-­‐038a Right-­‐Lateral 0482314 4463464 351 11 67.2 78.7 10.7 61.3 70.2 76.3 0.4 62.3
FRF-­‐038b Right-­‐Lateral 0482313 4463476 308 13 74 73.7 8.3 79.7 76.9 81.6 1.4 259.8
FRF-­‐038c Right-­‐Lateral 0482312 4463481 329 11 65.9 79.1 16.1 61.8 68.5 80.4 5 62.3
FRF-­‐038d Right-­‐Lateral 0482309 4463493 7 17 56 82.2 13 58.7 59.8 71.4 0.5 240.6
FRF-­‐038e Right-­‐Lateral 0482309 4463513 11 20 64.3 82.3 15.8 66.2 69.2 70.8 0.9 248.6
FRF-­‐038f Right-­‐Lateral 0482314 4463524 2 21 245.5 80.2 15.5 67 244.9 89.9 3.6 248.9
FRF-­‐038g Right-­‐Lateral 0482319 4463529 3 19 60.5 84.5 15 71 64.4 74.6 2.7 252.7
FRF-­‐040a Right-­‐Lateral 0482204 4463262 0 16 78.4 86.5 14.7 71.6 80.6 83.5 0.5 253
FRF-­‐040b Right-­‐Lateral 0482216 4463234 339 15 252.4 69.1 17.2 65.2 247.4 69 2.2 66.2
FRF-­‐039 Thrust 0482316 4463472 338 14 346 34.6 30.6 100.3
FRF-­‐042a Thrust 0482211 4463278 7 9 350.9 36.6 38.6 91.1
FRF-­‐042b Thrust 0482204 4463262 0 16 2.5 36.6 32.8 97.5
FRF-­‐042c Thrust 0482218 4463218 37 10 5.2 39.8 30.7 94.5
FRF-­‐048 Left-­‐Lateral 0488207 4474308 357.7 17.9 172.7 74.7
FRF-­‐049 Left-­‐Lateral 0488188 4474321 357.7 17.9 98.5 81.4 10 102.6 101.5 85.1 7.3 283.4
FRF-­‐046 Right-­‐Lateral 0488256 4474239 332.4 12.7 47.2 80.2 9.2 45.8 50.4 77.1 2.9 226.6
FRF-­‐047 Right-­‐Lateral 0488207 4474308 357.7 17.9 54.9 85.4 14.1 51.9 58.3 76 0.5 234
98
FRF-­‐050 Right-­‐Lateral 0488106 4474422 342.2 14.2 237.6 85.2 18.5 63.4 236.7 88.8 4.5 64.6
FRF-­‐051 Thrust 0481216 4467603 74.9 20 350 27.3 26.3 69.9
25.1 107.6
FRF-­‐056 Right-­‐Lateral 0486745 4484236 13.8 19.1 244.6 81.7 19.2 61.7 64.8 86.1 4.7 65.1
FRF-­‐057 Left-­‐Lateral 0486745 4484236 13.8 19.1 111.7 81.9 17.4 115 114.7 84.9 1.3 295.2
FRF-­‐066 Normal 0476642 4465835 285.7 70.3 70.3 352.7
FRF-­‐067 Unknown 0476639 4465821 299.3 62 54 349.1
FRF-­‐068 Reverse 0468617 4459381 218 60 45.3 80.1 80.3 175.5
FRF-­‐069 Reverse 0468609 4459383 221 64 76.8 54.1 51.4 184.8
FRF-­‐070 Normal	   0468584 4459385 51 70 43.8 63 58.3 169.6
10.5 216
FRF-­‐071 Left-­‐Lateral 0468535 4459421 265 74 268.5 81.8 25.9 92.8
FRF-­‐072 Unknown 0468509 4459423 73 80 64.1 75.9 72.7 171.5
FRF-­‐073 Normal	   0468485 4459390 84 70 65 76.8 73 199.1
FRF-­‐074 Normal	   0468489 4459422 65 65 57.3 42.5 45 166.3
FRF-­‐075 Normal	   0468486 4459421 253 68 325 80 63.3 139.3
FRF-­‐076 Unknown 0468486 4459421 242 74 83.7 43 42.3 185.1
FRF-­‐077 Normal	   0468486 4459421 242 74 35.7 76.7 58.1 176.6
FRF-­‐081 Unknown 048220 4459400 214.2 82.5 73.3 230.5
17 216
FRF-­‐082 Reverse 0468205 4459404 247.4 24.5 200 84.5 65.7 206.2
FRF-­‐083 Normal	   0468177 4459405 256 65 27.9 89.7 72.2 224.3
FRF-­‐084 Right-­‐Lateral 0468183 4459641 83 63 218.3 86.8 16.5 219.3
FRF-­‐078 Left-­‐Lateral 0465984 4478500 275 57.8 288.4 85.2 8.5 101.8
FRF-­‐079 Left-­‐Lateral 0465984 4478500 275 57.8 121.2 78.9 11.5 303.4
FRF-­‐080 Left-­‐Lateral 0480536 4474867 113.1 75.1 121.4 80.6 13.2 119.6
FRF-­‐085 Reverse 0467281 4459111 49.4 75.4 68 183.4
99
Appendix	  2:	  Complete	  Table	  of	  EPMA	  Analyses
SiO2 TiO2 Al2O3 FeO MnO MgO CaO NaO K2O Total Beam	  (nA) Fe/(Fe+Mg)
Hbl	  Std	  1 39.88 4.95 14.18 10.41 0.11 11.87 10.00 2.45 2.07 95.93 9.985 0.47
Hbl	  Std	  2 39.65 4.99 13.91 10.30 0.06 11.54 9.93 2.40 1.95 94.73 9.989 0.47
Hbl	  Std	  3 39.89 4.77 14.15 10.77 0.12 12.39 9.80 2.03 2.08 96.00 9.995 0.47
Bt1-­‐1a 32.91 1.57 17.96 23.55 0.15 6.85 0.22 0.20 8.29 91.70 9.949 0.77
Bt1-­‐1b 33.69 1.49 18.89 23.66 0.07 6.83 0.01 0.09 8.93 93.67 9.972 0.78
Bt1-­‐1c 33.59 1.67 19.24 23.90 0.10 6.67 0.11 0.44 8.87 94.59 9.979 0.78
Bt1-­‐1d 33.44 1.53 19.44 23.11 0.12 7.08 0.05 0.03 8.60 93.39 9.978 0.77
Bt1-­‐1e 33.79 1.56 19.38 23.47 0.05 6.64 0.20 0.27 9.17 94.52 9.978 0.78
Bt1-­‐1f 33.57 1.53 18.76 22.05 0.02 6.33 0.08 0.15 8.70 91.18 9.982 0.78
Bt1-­‐2a 32.28 1.14 17.79 21.23 0.17 7.88 0.13 -­‐0.01 5.94 86.55 9.984 0.73
Bt1-­‐2b 33.62 1.36 19.05 22.64 0.16 7.59 0.11 0.07 7.47 92.08 9.984 0.75
Bt1-­‐2c 29.85 1.08 18.66 25.65 0.20 8.68 -­‐0.04 -­‐0.10 4.24 88.21 9.990 0.75
Hbl	  Std	  4 39.60 4.68 13.93 10.30 0.09 12.28 10.16 1.67 2.10 94.80 9.994 0.46
Hbl	  Std	  5 39.44 4.74 13.82 10.83 0.12 11.98 9.90 3.14 1.99 95.96 9.990 0.47
Hbl	  Std	  6 39.81 4.88 14.16 11.32 0.09 12.02 9.90 2.79 2.05 97.04 9.952 0.49
WM1-­‐1a 44.31 0.23 35.24 1.90 0.03 0.35 0.08 1.07 9.76 92.97 9.962 0.84
WM1-­‐1b 43.83 0.20 33.21 3.27 0.05 1.18 0.26 1.28 9.27 92.54 9.968 0.73
WM1-­‐1c 44.35 0.14 35.25 2.09 0.00 0.37 -­‐0.03 1.65 9.31 93.13 9.966 0.85
Qtz1-­‐1 98.82 -­‐0.04 -­‐0.01 0.01 0.01 -­‐0.04 -­‐0.05 0.00 0.00 98.70 9.970 -­‐0.25
Qtz1-­‐2 99.07 -­‐0.01 0.01 0.07 0.03 -­‐0.01 -­‐0.12 0.05 0.01 99.10 9.974 1.26
WM1-­‐1d 43.31 0.18 32.10 1.59 -­‐0.02 0.72 0.08 1.21 8.70 87.86 9.973 0.69
Qtz1-­‐3 97.36 -­‐0.02 0.01 -­‐0.03 0.01 -­‐0.01 -­‐0.13 -­‐0.05 0.01 97.16 9.975 0.72
Hbl	  Std	  7 39.82 4.71 14.19 10.22 0.06 11.70 9.89 3.28 1.91 95.78 9.979 0.47
Hbl	  Std	  8 40.13 4.75 14.58 10.35 0.13 11.59 9.82 2.36 2.02 95.74 9.949 0.47
Hbl	  Std	  9 39.67 4.76 13.95 10.24 0.07 11.41 9.99 2.23 1.99 94.30 10.007 0.47
Hbl	  Std	  10 39.37 4.66 13.94 10.40 0.09 11.72 10.13 2.06 1.97 94.33 10.003 0.47
Hbl	  Std	  11 39.53 4.80 14.01 10.81 0.04 12.64 9.94 2.33 2.03 96.13 10.008 0.46
Bt2-­‐1a 29.95 1.18 19.72 25.11 0.18 6.94 0.18 0.28 4.91 88.45 10.013 0.78
Bt2-­‐1b 24.02 0.63 19.00 31.24 0.19 7.92 0.22 0.06 1.83 85.10 10.011 0.80
Bt2-­‐1c 31.93 1.69 18.32 24.03 0.22 7.03 0.09 0.06 6.93 90.30 10.009 0.77
Bt2-­‐2a 28.92 1.62 19.75 26.31 0.19 8.41 0.00 0.02 4.76 89.98 10.013 0.76
Bt2-­‐2c 32.87 1.58 19.94 19.92 0.27 9.01 0.11 0.01 5.24 88.96 10.018 0.69
Bt2-­‐3a 26.91 0.81 20.09 26.58 0.29 10.56 0.11 0.04 1.98 87.36 9.992 0.72
Bt2-­‐3b 31.80 1.44 19.10 22.40 0.12 9.12 0.10 0.19 7.47 91.74 9.995 0.71
Bt2-­‐3c 33.49 1.32 19.10 20.87 0.15 9.24 0.15 0.18 7.94 92.43 10.004 0.69
Bt2-­‐3d 33.30 2.16 19.05 22.23 0.09 7.17 0.09 0.13 9.22 93.43 10.004 0.76
Bt2-­‐3e 37.12 1.21 19.49 17.98 0.09 6.69 0.11 0.22 8.56 91.48 10.001 0.73
Bt2-­‐3g 32.57 1.36 18.84 21.25 0.13 9.24 0.06 0.11 7.59 91.15 9.996 0.70
Bt2-­‐3h 30.07 0.87 18.28 21.57 0.23 12.69 -­‐0.01 -­‐0.02 4.15 87.84 10.010 0.63
Hbl	  Std	  12 39.49 4.79 14.08 10.48 0.11 11.01 9.99 2.08 2.07 94.10 10.010 0.49
Hbl	  Std	  13 39.44 4.88 13.69 10.32 0.05 11.01 10.13 1.89 2.06 93.47 10.010 0.48
Hbl	  Std	  14 39.54 4.80 14.23 10.52 0.06 10.88 9.93 2.32 2.03 94.32 9.988 0.49
WM2-­‐1a 44.78 0.23 34.72 1.67 -­‐0.03 0.42 0.00 1.16 9.06 91.99 10.022 0.80
WM2-­‐1b 99.34 -­‐0.02 0.04 0.12 -­‐0.04 0.01 0.02 -­‐0.03 0.03 99.47 10.024 0.95
WM2-­‐1c 45.40 0.20 34.43 1.74 -­‐0.01 0.60 0.01 0.81 9.74 92.92 10.029 0.74
WM2-­‐1d 45.42 0.22 34.48 2.00 0.03 0.68 0.05 0.75 9.82 93.45 10.033 0.75
WM2-­‐1e 44.76 0.16 35.06 1.85 0.01 0.40 0.11 1.44 9.35 93.13 10.030 0.82
WM2-­‐1f 44.78 0.18 33.44 1.81 0.03 0.88 0.01 1.24 9.33 91.71 10.031 0.67
WM2-­‐1g 43.93 0.28 32.67 1.93 0.01 0.69 0.03 1.17 9.36 90.06 10.034 0.74
WM2-­‐1h 45.85 0.25 33.71 2.33 0.01 0.77 0.11 1.23 9.35 93.61 10.032 0.75
WM2-­‐1i 44.44 0.22 32.84 2.48 0.03 0.59 -­‐0.02 0.65 9.94 91.16 10.031 0.81
Hbl	  Std	  15 39.07 4.98 14.25 10.22 0.08 10.34 9.77 2.50 1.98 93.19 10.033 0.50
Hbl	  Std	  16 39.22 4.71 13.91 10.99 0.09 9.94 10.15 2.29 1.94 93.24 10.035 0.53
Hbl	  Std	  17 39.71 4.81 14.09 10.58 0.10 11.13 10.17 3.02 1.99 95.61 10.034 0.49
Bt3-­‐1a 30.04 1.26 19.25 24.69 0.19 7.46 -­‐0.06 0.01 5.60 88.45 10.035 0.77
Bt3-­‐1b 30.88 1.36 18.73 24.45 0.20 8.43 0.17 0.15 5.84 90.21 10.036 0.74
Bt3-­‐2a 31.31 0.87 19.97 21.30 0.30 9.68 0.20 0.07 4.17 87.86 10.039 0.69
Bt3-­‐2b 30.00 0.72 19.71 23.60 0.34 10.47 0.21 0.07 3.54 88.67 10.039 0.69
Bt3-­‐2c 33.33 2.48 19.20 22.44 0.10 6.89 0.14 0.19 7.24 91.99 10.044 0.77
Bt3-­‐2d 31.12 1.11 19.35 24.24 0.21 8.39 0.15 0.30 5.46 90.33 10.044 0.74
Bt3-­‐3a 30.53 0.26 21.30 20.43 0.27 10.10 -­‐0.10 0.00 1.97 84.77 10.042 0.67
Bt3-­‐3b 34.66 0.51 21.38 15.96 0.23 8.01 0.16 0.21 4.35 85.47 10.042 0.67
Bt3-­‐3c 29.63 0.64 19.91 21.86 0.24 9.65 0.06 0.02 2.91 84.92 10.046 0.69
Bt3-­‐4a 31.15 1.27 19.11 24.21 0.25 9.18 0.17 0.02 5.44 90.79 10.048 0.73
Bt3-­‐4b 17.13 0.94 11.79 52.37 0.20 6.26 0.01 0.02 1.78 90.48 10.037 0.89
Bt3-­‐4c 33.21 1.42 18.93 23.21 0.14 7.25 0.10 0.08 7.98 92.31 10.042 0.76
Hbl	  Std	  18 39.51 5.08 14.09 10.79 0.10 11.41 9.85 2.40 2.07 95.31 10.043 0.49
Hbl	  Std	  19 39.89 4.78 13.80 10.36 0.05 11.50 10.22 3.18 2.09 95.87 10.044 0.47
Hbl	  Std	  20 40.10 4.86 14.01 10.10 0.10 11.59 9.97 3.19 2.01 95.91 10.045 0.47
100
WM3-­‐1a 44.99 0.27 34.75 1.85 -­‐0.02 0.50 0.04 1.70 9.22 93.30 10.048 0.79
WM3-­‐1b 45.05 0.28 33.59 1.59 -­‐0.02 0.46 -­‐0.06 1.24 8.80 90.94 10.049 0.77
WM3-­‐1c 46.48 0.22 32.82 2.11 0.02 1.03 0.03 1.14 9.12 92.97 10.051 0.67
WM3-­‐1d 44.86 0.19 29.85 2.42 0.01 1.18 0.13 0.77 9.10 88.50 10.051 0.67
WM3-­‐1e 44.70 0.27 34.60 1.94 -­‐0.02 0.46 0.20 0.94 9.45 92.53 10.057 0.81
WM3-­‐1f 44.77 0.27 34.79 1.79 0.01 0.44 0.08 1.79 9.34 93.28 10.057 0.80
WM3-­‐1g 45.38 0.25 32.43 1.58 0.00 0.82 0.16 0.98 9.41 91.01 10.052 0.66
WM3-­‐1h 44.56 0.19 33.64 1.73 0.01 0.71 0.06 1.53 9.48 91.92 10.053 0.71
WM3-­‐1i 44.36 0.23 32.28 2.61 0.05 0.78 0.01 1.69 9.56 91.57 10.058 0.77
WM3-­‐1j 44.68 0.24 31.56 2.50 0.04 1.14 0.06 0.41 10.12 90.73 10.043 0.69
WM3-­‐1k 44.61 0.12 34.47 2.15 -­‐0.01 0.53 0.05 1.98 9.12 93.03 9.983 0.80
WM3-­‐1l 43.63 0.28 34.26 1.64 -­‐0.01 0.36 0.28 2.22 8.83 91.48 10.001 0.82
Hbl	  Std	  21 39.78 4.67 13.92 11.15 0.05 12.16 10.00 2.64 2.02 96.40 10.004 0.48
Hbl	  Std	  22 39.65 4.68 14.19 10.19 0.12 12.47 9.96 1.99 2.07 95.32 10.002 0.45
Hbl	  Std	  23 40.00 4.87 13.83 10.13 0.06 12.41 10.05 2.31 1.95 95.61 10.007 0.45
SiO2 TiO2 Al2O3 FeO MnO MgO CaO Cr2O3 Total Beam	  (nA) Gro Py Alm Sps
GrtSTD-­‐1 35.28 0.06 21.39 20.31 21.35 0.32 0.38 -­‐0.01 99.10 24.990 1.10 1.30 47.20 50.30
GrtSTD-­‐2 35.31 0.07 21.56 20.37 21.12 0.29 0.38 -­‐0.01 99.10 24.990 1.20 1.20 47.60 50.00
GrtSTD-­‐3 35.85 0.04 22.28 20.74 21.14 0.29 0.37 0.01 100.71 24.940 1.10 1.20 48.10 49.60
Grt1-­‐1 36.37 0.02 23.43 35.68 4.62 1.75 1.06 0.01 102.95 24.960 3.00 7.00 79.60 10.40
Grt1-­‐2 36.55 0.01 23.11 35.27 4.57 1.80 1.22 0.01 102.54 24.975 3.50 7.20 79.00 10.40
Grt1-­‐3 36.15 0.02 22.67 34.37 4.54 1.67 1.37 0.02 100.81 24.970 4.00 6.80 78.70 10.50
Grt1-­‐4 36.69 0.02 22.80 35.16 4.89 1.77 1.28 0.00 102.61 24.940 3.60 7.00 78.30 11.00
Grt1-­‐5 36.62 0.01 22.42 35.31 4.84 1.67 1.31 0.04 102.22 24.970 3.80 6.60 78.70 10.90
Grt1-­‐6 36.67 0.05 22.13 35.13 4.70 1.52 1.42 -­‐0.02 101.61 24.980 4.10 6.10 79.10 10.70
Grt1-­‐7 36.59 0.02 22.07 35.14 4.72 1.44 1.48 -­‐0.02 101.45 24.970 4.30 5.80 79.20 10.80
Grt1-­‐8 36.61 0.03 21.87 34.71 4.79 1.53 1.58 0.00 101.12 24.970 4.60 6.20 78.30 10.90
Grt1-­‐9 36.39 0.03 21.06 34.72 4.84 1.46 1.63 0.03 100.17 24.980 4.70 5.90 78.40 11.10
Grt1-­‐10 36.39 0.05 21.34 34.43 4.75 1.54 1.65 -­‐0.03 100.11 24.970 4.80 6.20 78.10 10.90
Grt1-­‐11 36.23 0.04 20.94 34.58 4.94 1.44 1.53 -­‐0.01 99.69 24.940 4.40 5.80 78.40 11.30
Grt1-­‐12 36.71 0.03 22.32 35.05 4.84 1.56 1.23 -­‐0.05 101.70 24.970 3.60 6.30 79.10 11.10
Grt1-­‐13 36.60 0.04 22.47 35.19 4.90 1.51 1.49 -­‐0.01 102.18 24.980 4.30 6.00 78.60 11.10
Grt1-­‐14 36.72 0.04 22.01 34.76 4.66 1.54 1.55 0.01 101.29 24.970 4.50 6.20 78.60 10.70
Grt1-­‐15 36.74 0.04 21.99 34.96 4.62 1.41 1.58 0.04 101.39 24.970 4.60 5.70 79.10 10.60
Grt1-­‐16 36.58 0.01 21.72 35.02 4.81 1.39 1.16 0.03 100.72 24.935 3.40 5.60 79.90 11.10
Grt1-­‐17 36.48 0.08 21.60 34.90 4.73 1.41 1.39 -­‐0.01 100.60 24.960 4.10 5.70 79.30 10.90
Grt1-­‐18 36.47 -­‐0.01 21.02 35.24 4.76 1.42 1.22 -­‐0.01 100.11 24.950 3.50 5.70 79.80 10.90
Grt1-­‐19 36.27 0.09 19.93 34.63 4.80 1.21 1.99 0.03 98.95 24.965 5.80 4.90 78.30 11.00
Grt1-­‐20 36.62 0.09 21.56 34.88 5.00 1.53 1.85 0.05 101.57 24.980 5.30 6.10 77.40 11.20
Grt1-­‐21 36.66 0.08 21.18 34.45 4.87 1.47 1.80 0.01 100.53 24.970 5.20 5.90 77.80 11.10
Grt1-­‐22 36.59 0.02 20.36 35.10 4.85 1.55 1.67 0.00 100.14 24.930 4.80 6.10 78.10 10.90
Grt1-­‐23 36.57 0.06 20.38 34.96 4.75 1.70 1.48 -­‐0.01 99.89 24.960 4.30 6.80 78.20 10.80
Grt1-­‐24 36.17 -­‐0.01 19.95 35.51 4.71 1.64 1.14 0.03 99.13 24.980 3.30 6.60 79.50 10.70
GrtSTD-­‐4 35.69 0.04 20.82 20.10 21.25 0.25 0.39 -­‐0.01 98.52 24.970 1.20 1.00 47.20 50.60
GrtSTD-­‐5 35.33 0.02 20.47 20.52 21.26 0.28 0.37 0.02 98.28 24.970 1.10 1.20 47.70 50.00
GrtSTD-­‐6 35.59 0.08 21.48 21.32 20.68 0.33 0.40 0.05 99.93 24.990 1.20 1.30 49.20 48.30
Grt2-­‐1 36.65 0.02 21.93 35.51 4.60 1.76 1.20 0.03 101.70 24.985 3.40 7.00 79.20 10.40
Grt2-­‐2 36.67 -­‐0.01 21.61 35.12 4.59 1.72 1.34 -­‐0.01 101.03 24.980 3.90 6.90 78.80 10.40
Grt2-­‐3 36.52 0.01 21.67 34.87 4.52 1.78 1.44 -­‐0.02 100.79 24.980 4.20 7.10 78.40 10.30
Grt2-­‐4 36.69 0.01 21.04 35.88 4.58 1.71 1.07 0.01 101.00 24.980 3.10 6.80 79.80 10.30
Grt2-­‐5 36.58 0.03 20.87 34.96 4.60 1.64 1.52 0.05 100.24 24.980 4.40 6.60 78.60 10.50
Grt2-­‐6 36.53 0.02 23.00 34.76 4.50 1.83 1.67 -­‐0.01 102.30 24.980 4.80 7.30 77.70 10.20
Grt2-­‐7 36.79 0.07 22.93 35.35 4.64 1.87 1.43 0.03 103.11 24.990 4.10 7.40 78.20 10.40
Grt2-­‐8 36.66 0.07 22.54 35.21 4.66 1.82 1.48 0.04 102.47 25.000 4.20 7.20 78.10 10.50
Grt2-­‐9 36.57 0.06 22.28 35.01 4.70 1.61 1.71 0.00 101.94 24.990 4.90 6.40 78.10 10.60
Grt2-­‐10 36.59 0.01 21.99 34.85 4.67 1.70 1.14 -­‐0.03 100.93 24.960 3.30 6.90 79.10 10.70
Grt2-­‐11 36.32 0.05 21.34 34.72 4.61 1.71 1.43 0.03 100.22 24.975 4.20 6.90 78.40 10.50
Grt2-­‐12 36.49 0.04 21.55 35.31 4.70 1.63 1.28 0.05 101.04 24.970 3.70 6.50 79.10 10.70
Grt2-­‐13 36.45 0.01 21.22 34.96 4.66 1.58 1.45 0.00 100.34 24.965 4.20 6.40 78.80 10.60
Grt2-­‐14 36.32 0.01 20.90 34.76 4.57 1.66 1.20 0.00 99.42 24.980 3.50 6.70 79.20 10.50
GrtSTD-­‐7 36.00 0.03 21.81 20.51 20.79 0.33 0.38 0.03 99.88 24.985 1.10 1.40 48.10 49.40
GrtSTD-­‐8 35.80 0.06 21.31 21.62 19.99 0.30 0.36 0.00 99.45 24.980 1.10 1.30 50.40 47.20
GrtSTD-­‐9 35.60 0.02 21.39 22.47 18.97 0.30 0.34 0.01 99.10 24.945 1.00 1.30 52.70 45.00
Grt3-­‐1 36.49 -­‐0.03 21.81 35.66 4.57 1.60 0.97 -­‐0.06 101.01 24.970 2.80 6.40 80.40 10.40
Grt3-­‐2 36.57 0.00 21.77 35.87 4.55 1.65 1.11 0.00 101.52 24.980 3.20 6.60 80.00 10.30
Grt3-­‐3 36.48 -­‐0.02 22.05 35.71 4.50 1.69 1.19 -­‐0.04 101.56 24.970 3.40 6.70 79.70 10.20
Grt3-­‐4 36.54 0.01 21.44 35.16 4.64 1.62 1.15 0.03 100.58 24.970 3.30 6.50 79.50 10.60
Grt3-­‐5 36.48 0.01 21.45 35.66 4.57 1.70 1.14 0.00 101.01 24.980 3.30 6.80 79.60 10.30
Grt3-­‐6 36.34 0.01 21.30 35.19 4.56 1.60 1.19 -­‐0.01 100.18 24.980 3.40 6.50 79.70 10.50
Grt3-­‐7 36.24 -­‐0.03 21.13 34.78 4.50 1.58 1.17 0.00 99.37 24.960 3.40 6.50 79.70 10.40
Grt3-­‐8 36.37 0.02 20.93 35.12 4.69 1.52 1.14 0.00 99.81 24.975 3.30 6.20 79.70 10.80
Grt3-­‐9 36.16 0.00 21.06 34.69 4.50 1.50 1.20 0.01 99.13 24.985 3.60 6.20 79.80 10.50
Grt3-­‐10 36.19 0.02 21.01 35.51 4.52 1.57 1.12 -­‐0.04 99.89 24.980 3.20 6.30 80.10 10.30
101
Grt3-­‐11 35.98 -­‐0.02 20.62 34.92 4.55 1.38 1.13 -­‐0.02 98.53 24.980 3.30 5.70 80.40 10.60
Grt3-­‐12 35.91 0.00 20.45 34.63 4.69 1.49 1.04 0.01 98.22 24.990 3.10 6.10 79.80 10.90
Grt3-­‐13 36.84 -­‐0.02 23.52 35.33 4.58 1.74 1.23 0.01 103.23 24.990 3.50 7.00 79.10 10.40
Grt3-­‐14 36.94 0.00 23.35 35.14 4.52 1.71 1.16 0.00 102.83 24.980 3.40 6.90 79.40 10.30
Grt3-­‐15 36.88 -­‐0.03 23.13 35.60 4.60 1.79 1.15 0.04 103.17 24.990 3.30 7.10 79.20 10.40
Grt3-­‐16 36.82 0.00 22.80 35.09 4.53 1.77 1.20 0.03 102.24 24.990 3.50 7.10 79.10 10.30
Grt3-­‐17 36.70 0.01 22.52 35.64 4.61 1.67 1.18 0.04 102.35 24.990 3.40 6.60 79.60 10.40
Grt3-­‐18 36.79 0.02 22.46 35.41 4.51 1.72 1.15 -­‐0.01 102.06 24.990 3.30 6.90 79.50 10.30
Grt3-­‐19 36.51 0.01 21.74 35.05 4.60 1.69 1.16 0.01 100.75 25.005 3.40 6.80 79.30 10.50
Grt3-­‐20 36.70 0.03 21.08 35.46 4.49 1.68 1.20 0.03 100.67 25.010 3.50 6.70 79.60 10.20
Grt3-­‐21 36.77 0.00 21.19 35.10 4.59 1.88 1.17 0.01 100.72 25.000 3.40 7.50 78.70 10.40
Grt3-­‐22 36.42 0.00 20.15 35.12 4.50 1.81 1.18 0.07 99.25 25.010 3.40 7.30 79.10 10.30
GrtSTD-­‐10 35.39 0.03 19.99 20.43 20.63 0.31 0.39 -­‐0.02 97.16 25.020 1.20 1.30 48.20 49.30
GrtSTD-­‐11 35.52 0.07 21.39 20.04 21.07 0.26 0.38 -­‐0.03 98.70 25.020 1.10 1.10 47.30 50.40
GrtSTD-­‐12 35.85 0.02 20.05 23.19 18.05 0.37 0.32 0.00 97.85 25.005 1.00 1.50 54.50 43.00
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